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Section  1 


INTRODUCTION 

This  report  describes  the  results  of  experimental  and  theoretical  investigations  on 
advanced  combustion-diagnostic  techniques  and  the  application  of  these  techniques 
to  turbulent  flames  studies.  The  goals  of  this  effort  were  to  develop  and  evaluate 
advanced  laser-based  combustion  diagnostic  techniques  and  to  apply  the  most 
promising  techniques  to  the  study  of  flame  systems  of  interest  in  combustion-model 
evaluation  and  validation. 

In  addressing  the  technical  goals  of  combustor  designers  (especially  for  advanced 
engine  designs),  models  must  be  developed  which  not  only  provide  design  and  test¬ 
ing  aids  but  also  produce  new  insights  into  the  basic  behavior  of  high-temperature 
chemically  reacting  flows.  Major  strides  in  the  development  of  computational-fluid- 
dynamic  (CFD)  models  have  been  made  over  the  past  decade;  however,  the  ability  to 
calculate  accurately  the  fields  of  velocity,  species  concentration,  temperature,  and 
pollutants  in  practical  systems  (i.e.,  gas  turbines,  internal-combustion  engines,  and 
industrial  furnaces)  remains  limited. 

Validation  of  CFD  models  requires  the  measurement  of  velocity  in  conjunction  with 
several  scalars  which  allows  evaluation  of  cross  correlations.  The  techniques  devel¬ 
oped  and  evaluated  during  the  course  of  this  program  were  directed  toward  the  mea¬ 
surement  of  quantities  which  are  important  for  model  development  and  evaluation. 
The  techniques  investigated  and/or  developed  include  a  combined  coherent  anti- 
Stokes  Raman  spectroscopy  (CARS)/laser  Doppler  velocimetry  (LDV)  system  for 
simultaneous  temperature/velocity  measurements  and  correlations;  thin-filament 
pyrometry  (TFP)  for  high-speed  and  multi-dimensional  thermometry;  flame  visualiza¬ 
tion  techniques  [reactive  Mie  scattering  (RMS),  two-dimensional  Rayleigh,  and  planar 
laser-induced  fluorescence  (PLIF)  of  the  OH  radical]  for  obtaining  two-dimensional 
flame-structure  information;  two-color  particle-imaging  velocimetry  (PIV)  for  two- 
dimensional  velocity  measurements  in  low-  and  high-speed  flowfields;  hardened 
CARS  system  for  thermometry  in  large-scale  combustion  systems;  and  a  combined 
CARS/phase  Doppler  particle  analyzer  (PDPA)  system  for  temperature,  velocity,  and 
particle-size  measurements  in  spray-combustion  systems.  In  addition,  the  LDV  tech¬ 
nique  was  extensively  utilized  for  pointwise  velocity  measurements. 
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These  techniques  were  developed,  evaluated,  and  applied  to  the  study  of  turbulent- 
combustion  flames.  Experimental  results  obtained  with  the  advanced  diagnostic 
instrumentation  were  utilized  in  the  evaluation  of  several  numerical  flame  models. 
Both  small  (Bunsen  and  jet  diffusion  flames)  and  large  (6-  and  10-in. -diam.  combus¬ 
tors)  systems  were  studied  with  the  advanced  diagnostic  techniques. 

The  research  conducted  during  this  program  resulted  in  96  publications,  presenta¬ 
tions,  and  patents;  a  list  of  these  is  included  in  the  Appendix  to  this  volume.  The  sum¬ 
mary  of  research  efforts  in  this  report  is  divided  into  two  parts.  The  first  (summarized  in 
Sect.  2  of  Volume  1)  deals  with  the  development  and  evaluation  of  advanced  diag¬ 
nostic  techniques,  while  the  second  (summarized  in  this  volume)  treats  the  applica¬ 
tions  of  the  advanced  techniques  to  combustion  studies. 
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Section  2 


APPLICATIONS  OF  ADVANCED  DIAGNOSTIC  TECHNIQUES  TO 

COMBUSTION  STUDIES 


2.1  JET  DIFFUSION  FLAMES 

The  RMS  technique  discussed  in  Sect.  2.4  of  Volume  1  of  this  report  was  used  exten¬ 
sively  to  study  the  flame  structure  of  jet  diffusion  flames.  This  effort  was  conducted  in 
cooperation  with  visiting  scientists  from  the  University  of  Iowa,  and  the  results  have 
been  reported  in  several  papers.  The  first  entitled,  "Structure  of  Jet  Diffusion  Flames," 
was  presented  at  the  1987  Spring  Technical  Meeting  of  the  Central  States  Section  of 
the  Combustion  Institute  (see  p.  4).  This  study  examined  the  effects  of  fuel  exit  velocity 
upon  the  structure  of  jet  diffusion  flames.  The  second  paper  which  reported  the  effects 
of  buoyancy  upon  flame  structure  was  entitled,  "Buoyant  Diffusion  Flames,"  and  was 
presented  at  the  22nd  Symposium  (International)  on  Combustion,  (see  p.  11).  A  third 
paper  entitled,  "The  Structure  of  Jet  Diffusion  Flames,"  which  appeared  in  Turbulent 
Reactive  Flows  presented  results  of  analyses  of  photographs  and  high-speed  movies 
of  flames  in  terms  of  their  visible  structure  (see  p.  19).  A  fourth  paper  entitled,  "Effects 
of  Fuel  Diluents  on  1  w-Off  of  Jet  Diffusion  Flames,"  which  was  presented  at  the  1990 
Spring  Technical  Meeting  of  the  Central  States  Section  of  the  Combustion  Institute 
dealt  with  the  determination  of  lift-off  conditions  for  a  series  of  diluted  hydrocarbon  jet 
diffusion  flames  (see  p.  35).  A  fifth  paper  dealing  with  jet-flame  structure  which  was 
entitled,  "Planar  Visualization  of  Propane  Jets  and  Propane  Jet  Diffusion  flames."  was 
presented  at  the  1990  ASME  Fluids  Engineering  Division  Meeting  (see  p.  41). 
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Structure  of  Jet  Diffusion  Flames 

W.  M.  Roquemore 
AFWALVAero  Propulsion  Laboratory 
Wright  Patterson  AFB,  OH  45433-6563 

L.  P.  Goss  and  W.  F.  Lynn 
Systems  Research  Laboratories,  Inc. 

Dayton,  OH  45440-3696 

L-D.  Chen 
University  of  Iowa 
Iowa  City,  IA  52242 

Abstract 

This  paper  presents  some  of  the  more  important  structural  characteristics  of  jet 
diffusion  flame  as  obtained  using  a  2-dimensional  laser  sheet-lighting  visualization 
technique.  The  effects  of  fuel  exit  velocity  on  the  structure  of  jet  diffusion  flames  are 
discussed.  The  temperature  field  of  a  propane  jet  diffusion  flame,  with  a  Reynolds  number 
of  4000,  is  probed  using  Coherent  Anti-Stokes  Raman  Spectroscopy  (CARS).  The  flow 
visualization  results  are  used  to  interpret  the  mean,  rms  and  pdf  temperature  data. 

Introduction 

Most  of  the  past  investigations  on  the  structure  of  hydrocarbon  jet  flames  reported 
statistical  quantities  (e.g.,  mean  and  higher-order  moments)  from  point  measurements  and 
schlieren/shadowgraph  visualization.  The  point  measurements  can  not  satisfactorily 
describe  the  dynamics  of  the  flow  and  schlieren/shadowgraph  suffers  the  integrated  effects 

along  the  light  path.  It  has  been  shown  1  that  a  2-D  visualization  technique,  utilizing  a 
reactive  scheme  to  form  light-scattering  particles,  is  a  valuable  tool  in  studying  flame 
structures.  The  main  objectives  of  this  paper  are  to  discuss  some  of  the  insights  into  the 
structure  of  jet  diffusion  flames  obtained  from  examinations  of  flame  photographs  taken  at 
low  fuel  velocities  to  flame  lift-off  conditions  and  to  interpret  CARS  temperature 
measurements  in  terms  of  the  observed  structure.  It  is  shown  that  many  of  the 
characteristics  of  jet  flames  can  be  readily  interpreted  using  the  2D  sheet  lighting  technique. 

Experimental 

The  sheet  lighting  technique  involves  seeding  the  fuel  jet  and  the  dry  annulus  air  jet 
with  TiCl4  vapor.  TiCl4  reacts  spontaneously  and  nearly  instantaneously  with  the  water 
product  of  the  flame  to  form  micron  size  Ti02  particles  and  HC1.  Mie  scattering  from  the 
Ti02  particles  is  observed  at  right  angles  to  the  plane  of  the  laser-sheet  formed  by  the 
vertical  expansion  of  a  laser  beam.  The  scattered  light,  which  is  recorded  on  film  by  a 
camera,  provides  a  view  of  the  air/water  product  interface  outside  the  visible  flame  surface 
and  the  fuel/water  produce  interface  inside  the  flame.  Both  contoured  nozzles  and  tubes 
have  been  used  as  fuel  jets.  Propane,  methane  and  ethylene  fuels  have  been  examined.  The 
fuel  jet  is  surrounded  by  a  15  cm/s  air  flow  from  a  25  cm  diameter  coannular  jet. 
Additional  information  is  presented  in  the  literature  (Ref.  1). 
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Results  and  Discussion 


General  Flame  Structure 

Yule,  et  al.2  have  made  detail  studies  of  the  structure  of  a  transitional/turbulent 
propane  jet  flame  having  a  burner  equivalence  ratio  of  10.4  (propane  and  air).  Their  flame 
was  stabilized  on  a  contoured  nozzle  with  a  diameter  of  2.54  cm  and  had  a  Reynolds 
number  of  10000  (based  on  air  properties).  A  1  m/s  sheath  of  air  surrounded  the  flame. 
Sketches  of  the  flame  structure  they  observed  using  a  color  schlieren  visualization 
technique  are  illustrated  in  Fig.  1  Also  included  in  Fig.  1,  is  the  visualization  of  a 
transitional  propane  jet  diffusion  flame  (Re=4000)  we  obtained  with  the  TiC^,  laser  sheet¬ 
lighting  technique.  The  flame  is  stablized  on  a  1  cm  diameter  nozzle  that  is  contoured  to 
give  a  flat  velocity  exit  profile. 

The  present  visualization  agreed  qualitatively  with  Yule,  et  al,  in  Ref.  2.  They 
identified  two  regions  containing  organized  structures.  One  region,  located  outside  of  the 
flame  surface,  consisted  of  large  slow  moving  vortices  that  occurred  at  a  frequency  of 
about  30  Hz.  They  referred  to  this  as  an  outer  preheat  zone.  Another  zone,  referred  to  as 
the  inner  preheat  zone,  was  located  inside  the  flame  at  the  potential  core  interface.  These 
type  of  structures  are  clearly  identified  in  the  flame  photograph  in  Fig.  1.  The  structures 
inside  the  visible  flame  surface  represent  the  fuel  and  H2O  combustion  product  interface 
and  the  large  structures  outside  the  flame  surface  mark  the  air,  H2O  product  interface.  The 
frequency  of  the  outer  structures  in  our  experiments  was  about  12  Hz.  The  characteristics 
of  the  outer  and  inner  structures  and  influence  they  have  on  the  flame  properties  will  be 
discussed  in  the  next  few  paragraphs. 

Outer  Structures 

At  low  and  intermediate  fuel  velocities,  the  toroidal  vortices  observed  outside  the 
visible  flame  surface  play  a  dominating  role  in  determining  the  flame  structure.  The  rotation 
of  the  toroidal  vortices  can  pull  the  flame  radially  outward  forming  a  flame  bulge.  This  is 
illustrated  in  Fig.  2  for  a  low  flow  rate  methane  jet  flame  .  As  the  fuel  velocity  is  increased, 
the  flame  has  less  time  to  be  affected  by  the  rotation  of  the  outer  vortices  and  the  flame 
bulge  is  reduced  in  size  as  illustrated  by  the  methane  jet  flame  shown  in  Fig.  3.  The 
frequency  of  the  outer  vortices  (same  as  that  of  the  flame  bulge)  corresponds  to  the  flame 
flicker  frequency  of  about  12  Hz  and  is  relatively  independent  of  fuel  type  and  central 
nozzle  design  for  a  wide  range  of  fuel  velocities.  The  outer  structures  are  believed  to  be 
established  by  a  buoyancy  driven  shear  layer.  At  high  fuel  flow  rates,  the  outer  structures 
are  reduce  in  size  and  appear  to  be  responsible,  in  part,  for  the  wrinkled  appearance  of  the 
visible  flame. 

Inner  Structures 

The  turbulent  characteristics  of  jet  diffusion  flames  are  most  deafly  illustrated  by 
the  fuel/water  product  interface  occurring  inside  the  flame  surface.  An  initial  instability 
wave  forms  in  the  potential  core  region  of  the  jet  at  very  low  fuel  flow  rates  as  shown  in  the 
low  Reynolds  number  flame  in  Fig.  2.  This  inner  instability  develops  into  coherent 
vortices  as  the  fuel  velocity  is  increased  (Fig.  3).  At  higher  fuel  flow  rates,  the  inner  vor  - 
rices  start  to  coalesce  at  some  distance  downstream  and  their  coherence  is  lost.  The  flame 
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spreading  angle  increases  at  the  axial  location  where  the  vortices  start  to  coalesce  much  like 
a  nonreacting  shear  layer  grows  when  vortices  coalesce.  These  characteristics  are  shown  in 
Fig.  4.  Small-scale,  unorganized  vortex  structures,  shown  in  Fig.  4,  are  formed  when  the 
vortices  coalesce.  We  believe  that  flameiets  (small  protrusions  of  the  flame  surface)  are  the 
result  of  localized  collisions  of  the  small-scale  vortices  with  the  flame  surface.  When  a 
vortex  (with  a  very  large  radial  velocity  component)  collides  with  the  flame  surface,  the 
flame  can  stretch  to  the  extent  that  it  is  quenched  and  a  localized  hole,  where  there  is  no 
visible  flame,  appears  in  the  flame  surface.  Normally,  if  a  hole  is  formed  high-up  in  the 
flame,  the  surrounding  flame  will  reignite  the  unbumed  fuel  in  the  hole.  If  the  hole  is 
formed  near  the  jet  exit  where  the  flame  is  already  highly  stressed,  the  hole  will  open  up 
and  the  flame  will  lift. 

CARS  Temperature  Measurements 

To  ascertain  the  temperature  field  in  a  jet  diffusion  flame,  a  detailed  series  of  CARS 
temperature  profile  measurements  were  made  on  a  propane  jet  flame  with  an  exit  velocity  of 
1.8  m/s.  A  view  of  this  flame,  as  obtained  using  the  laser  sheet  lighting  technique,  is 
shown  in  Fig.  1.  The  experimental  CARS  setup  is  described  elsewhere  and  will  not  be 
discussed  here.3  Six  axial  locations  were  chosen  for  study  including  10,  50,  100,  150, 
200  and  250  mm  above  the  nozzle  exit  A  radial  profile  was  measured  at  each  of  these  axial 
locations  at  1  to  0.2  mm  increments,  depending  on  the  flame  characteristics.  A  nonresonant 
fitting  code  was  developed  to  analyze  the  N2  CARS  spectra  in  and  around  the  fuel  jet. 

Measurements  inside  the  fuel  jet  were  limited  to  those  areas  where  N2  from  the  surrounded 
air  had  penetrated. 

The  average,  rms  and  pdf  temperature  profiles  at  six  axial  locations  are  shown  in 
Fig.  5.  The  average  and  rms  profiles  are  plotted  with  the  same  spatial  scale  as  the  flame 
shown  in  Fig.  1.  At  the  10  mm  location  the  peak  temperature  occurs  at  a  radial  location  of 
about  8  mm.  The  temperature  pdf  at  this  location  is  Gaussian.  The  low  rms  values  indicate 
the  the  flame  surface  is  relatively  stable  at  this  axial  location. 

At  an  axial  location  of  150  mm,  the  mean  temperature  peaks  at  a  radial  location  of 
about  10  mm  with  an  inflection  point  occurring  at  a  location  of  20  mm.  The  photograph  of 
the  flame  shows  that  the  visible  flame  surface  expands  outward  at  some  distance 
downstream.  This  bulging  effect  appears  to  result  from  the  rotation  of  the  outside  vortices 
pulling  the  flame  outward.  It  is  a  dynamic  effect  in  that  the  bulge  moves  upward  at  the 
axial  velocity  of  the  flame.  A  temperature  measurement  at  the  20  mm  position  will  depend 
on  the  location  of  the  flame  bulge  at  the  time  the  measurement  is  make.  If  the  flame  surface 
is  at  the  20  mm  position,  a  high  temperature  will  be  measured.  If  the  flame  surface  is 
located  at  10  mm,  essentially  room  air  with  some  combustion  products  is  present  at  the  20 
mm  position  and  a  low  temperature  will  be  measured.  The  pdf’s  support  this  description. 
The  shape  of  the  mean  temperature  profile  is  determined  by  the  fraction  of  time  that  the 
flame  surface  spends  at  a  given  location.  The  inflection  point,  at  the  20  mm  location, 
probably  represents  the  maximum  spatial  extent  of  the  flame  at  this  axial  location.  The  rms 
profile  reflects  the  dynamics  of  the  flame  surface  with  a  peak  occurring  where  the  hot  and 
cold  modes  are  equally  probable. 


Conclusions 

A  systematic  examination  of  jet  diffusion  flames,  from  very  low  velocities  to  lift-off 
conditions  using  a  2D  visualization  technique,  shows  the  presence  of  large  toroidal  vortices 

3 
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outside  the  visible  flame  surface.  These  vortices  are  believed  to  be  responsible  for  the 
flame  flicker  frequency  and  are  believed  to  be  driven  by  buoyant  forces.  At  low  and 
transitional  fuel  flow  rates,  the  rotation  of  these  outside  vortices  create  a  dynamic  bulging 
motion  in  the  flame  surface  that  is  responsible  for  the  shapes  of  the  mean  and  rms 
temperature  profiles.  Thus,  for  transition  flames,  the  temperature  characteristics  of  the 
flame  are  determined  to  a  large  extent  by  buoyant  driven  structures  that  are  outside  the 
flame  surface. 

The  turbulent  nature  of  jet  diffusion  flames  is  primarily  determined  by  the  internal 
structures  formed  along  the  fuel/product  interface.  Well  organized  vortex  structures  are 
formed  for  transitional  flow  conditions.  Turbulence,  involving  the  formation  of  small, 
unorganized,  3D  vortices  in  the  flame,  starts  at  the  axial  location  where  the  organized 
vortex  structures  start  to  coalesce.  The  coalescence  starts  high  in  the  flame  and  moves 
toward  the  nozzle  as  the  flow  rate  increases.  An  increased  spreading  of  the  flame  is 
observed  at  the  axial  location  where  coalescence  occurs.  Thus,  the  flame  growth  appears  to 
be  similar  to  the  growth  of  a  nonreacting  shear  layer  by  coalescence  of  vortices.  The 
appearance  of  the  flamelets,  normally  associated  with  turbulence,  is  a  result  of  collisions  of 
small  scale  vortices  with  the  flame  surface.  If  the  collision  involves  a  vortex  with  a  very 
high  radial  velocity  component,  the  flame  can  stretch  to  the  point  that  it  is  quenched  locally 
around  the  vortex.  Flame  lift-off  can  occur  when  a  localized  hole,  due  to  the  collision 
process,  is  formed  near  the  lip  of  the  nozzle.  This  is  most  likely  to  occur  at  the  axial 
location  where  the  organized  inner  vortices  start  to  coalesce. 
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Figure  1.  General  structures  of  jet  flames. 
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Figure  5.  Mean,  rms,  and  pdf  temperatures  in  propane  jet  diffusion  flame. 
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Planar  visualization  was  employed  to  study  flame  structure  and  low  frequency  flame  os¬ 
cillation  Two  distinct  vortices  were  visualized  in  the  flames  studies:  large  toroidal  vortices 
outside  the  luminous  flame  and  small  roll-up  vortices  inside  the  luminous  flame.  The  flame 
oscillation  frequency  and  the  convective  velocity  of  the  toroidal  vortices  were  measured  for 
ethvlene.  methane,  and  propane  diffusion  flames  over  a  wide  range  of  test  conditions.  The 
frequency  was  typically  in  the  range  10  to  20  Hz  and  the  convective  velocity  was  approxi¬ 
mately.  0.8  in/s.  The  f'requencv  of  the  toroidal  vortices  was  found  to  correlate  with  the  flame 
oscillation  frequency.  The  potential  effects  of  the  toroidal  vortices  on  the  flame  dynamics  at 
low  fuel  flow  rates  are  discussed,  for  example,  low  frequency  flame  oscillation,  non-linear 
flame  bulge  motion,  and  quenching  of  the  luminous  flame  surface. 


Introduction 


Low  frequency  flame  oscillations,  also  known  as 
the  flame  flicker1  and  flare,2  have  been  observed 
for  some  time.  The  flicker  frequency  observed  in 
nonpremixed  and  partially  premixed  flames  is  typ- 
icallv  in  the  range  of  10  to  20  Hz,  eg.,  see  Refs. 

1  — 10  The  frequency  is  relatively  independent  of 
the  fuel  type,  nozzle  size,  and  jet  exit  velocity  This 
invariant  nature  has  puzzled  the  combusion  com¬ 
munity  for  years.  Different  hypotheses  and  conjec¬ 
tures  were  proposed  to  explain  the  phenomenon. 
Employing  a  linear  instability  analysis.  Buckmaster 
and  Peters10  showed  that  a  modified  Kelvin-Helm- 
holtz  tvpe  instability  exists  in  diffusion  flames,  pre¬ 
dicting  a  low  frequency  oscillation  around  17  Hz. 
The  instability  is  due  to  a  buoyancy -induced  veloc¬ 
ity  field  which  surrounds  a  forced  convective  flow. 
In  an  independent  study,11  12  it  was  speculated  that 
the  vortical  structures  outside  the  luminous  flame 
are  due  to  buoyanev-driven  instability  and  are  also 
responsible  for  the  low  frequency  flame  oscillation. 


Two  different  vortices  have  been  identified  in  jet 
diffusion  flames6  14  small  roll-up  vortices  inside 
the  luminous  flame  and  large  toroidal  vortices  out¬ 
side  the  luminous  flame.  The  small  vortices  are  due 
to  Kelvin-Helmholtz  instability  of  the  jet,  similar  to 
that  observed  in  cold  jets.  The  role  of  the  inner 
vortices  in  turbulent  jet  diffusion  flames  in  relation 
to  laminar  flameiets  and  the  lift-off  phenomenon 
were  discussed  in  Ref.  12.  The  toroidal  vortices 
outside  the  luminous  flame  are  due  to  the  buoy¬ 
ancy  driven  Kelvin-Helmholtz  type  of  instability. 
The  occurring  frequency  and  convective  velocity  of 
the  toroidal  vortices  and  its  potential  impact  on  the 
flame  dynamics  are  discussed  in  this  paper 

The  present  study  employs  a  planar  visualization 
technique  known  as  Reactive  Mie  Scattering  RMS) 
in  which  Mie  scattering  TiOz  particles  were  formed 
by  chemical  reaction  between  the  combustion 
product  H2O  and  the  seeded  gas  TiCI4.  The  RMS 
technique  can  provide  detailed  information  on  flow- 
structures11  12  15  16  and  can  be  applied  rather  eas¬ 
ily.  More  detailed  discussions  on  the  technique  can 
be  found  in  Refs.  15.  16. 
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Experimental  Methods 

Mie  scattering  particles  are  formed  in  the  flow- 
field  resulting  from  mixing  between  fuel  and  com¬ 
bustion  products,  or  air  and  combustion  products. 
In  the  experiments,  a  small  amount  of  TiCL*  vapor 
was  added  to  the  fuel  and  air.  As  a  result.  Ti02 
particles  are  formed  due  to  the  chemical  reaction 
of  TiCI.,  and  the  combustion  product  H20  The  re¬ 
action  stoichiometry  is 

TiC!.,  -r  2H20  =  Ti02  +  4  HCI  (1) 

The  jmount  of  TiCl4  added  to  the  flow  was  not  me¬ 
tered  but  limited  to  the  vapor  pressure  of  1.38  kPa 
at  298  K.1'  The  reaction  of  TiCC  and  H20  is  weakly 
exothermic.  The  effects  on  the  flame  properties, 
however,  are  not  significant.  The  equilibrium  cal¬ 
culations  employing  a  NASA  equilibrium  code18  yield 
stoichiometric  temperatures  of  2168  K  (at  a  mixture 
fraction  /  =  0.0584),  2312  K  (/  =  0.0636).  and  2210 
K  (/  =  0.0584),  respectively  for  methane,  ethylene, 
and  propane.  The  above  calculation  was  made  set¬ 
ting  the  vapor  pressure  of  TiCl4  to  1.38  kPa  and 
the  reactant  temperature  to  298  K.  The  corre¬ 
sponding  stoichiometric  conditions  without  TiCLi  for 
methane,  ethvlene,  and  propane  are  2226  K  = 
0  0548).  2370  K  (/  =  0.0634),  and  2266  K  (/  = 
0  0600),  respectively.  The  55-60  K  decrease  in 
stoichiometric  temperatures  is  mainly  due  to  the 
equilibrium  shift  as  HCI  and  Ti02  formed  at  the 
expense  of  combustion  products.  H20  and  COj. 

The  mean  diameter  of  TiOs  particles  formed  due 
to  the  reaction  of  TiCI4  and  moist  room  air  was  re¬ 
ported  as  1.1  jim.19  The  frequency  response  of  1 
pm  Ti02  particles  in  gas  flows  is  known  in  the  range 
of  1  to  10  kHz  20  The  frequency  response  is  ade¬ 
quate  for  Mie  scattering  experiments  at  the  con¬ 
ditions  studied  in  this  paper. 

The  test  apparatus  was  described  in  Refs.  12,  16, 
21  fn  summary,  a  fuel  nozzle  was  located  at  the 
center  of  a  small  vertical  combustion  tunnel  point¬ 
ing  upward.  The  low  velocity  and  low  turbulence 
cotlowing  air  was  supplied  through  an  annular  jet 
having  a  divergent  section  and  a  flow  straightener 
i  honeycomb  and  fine  mesh  screen).  The  annular  air 
has  a  diameter  of  254  mm.  The  annulus  air  velocity 
iL'a)  was  maintained  at  0.15  m/s  for  the  data  pre¬ 
sented  in  this  paper,  unless  specified  otherwise. 
Dried  air  having  a  dew  point  of  -38°  C  was  used. 
The  experiments  were  conducted  using  three  fuel 
nozzles,  i.e  .  a  contoured  nozzle  (Do  =  11  mm  and 
two  tube  burners  (Do  =  10  mm  and  22.5  mm,  tube 
length  of  450  mm).  Commercial  grade  methane, 
ethy  lene,  and  propane  were  used  as  the  fuel.  The 
fuel  and  air  flowrates  were  regulated  with  cali¬ 
brated  rotameters. 

The  optical  arrangement  for  the  RMS  visualiza¬ 
tion  was  similar  to  that  cited  in  Refs.  14.  16.  A 


frequency  doubled  Nd:Y.\C  laser  (Quanta  Ray  Model 
DCR-2)  was  used  as  the  light  source  (at  532  nm> 
for  still  photographs.  The  laser  was  operated  in  a 
single  pulse  mode  (15  ns  pulse  output).  The  laser 
was  electronically  triggered  when  the  camera  shut¬ 
ter  was  opened.  High  speed  movies  were  made  with 
a  high  repetition  rate  (6000  pulse/s'  copper  vapor 
laser  as  the  light  source.  The  framing  rate  was  1000 
frames/sec.  The  cameras  for  still  photographs  and 
high-speed  movies  were  positioned  normal  to  the 
vertical  light  plane  which  passed  through  the  cen¬ 
ter  of  the  burner. 

Mie  scattering  from  Ti02  particles  illuminated  bv 
an  argon  ion  laser  (514.5  nm)  or  a  copper  vapor 
laser  (at  510  and  578  nm)  was  recorded  using  a  1/ 
4-m  spectrometer  and  photomultiplier  assembly 
similar  to  Ref.  21.  The  spectrometer  was  tuned  to 
the  maximum  intensity  of  the  light  source.  A  sec¬ 
ond  photomultiplier  was  used  to  record  the  total 
radiation  including  emission  and  Mie  scattering  from 
the  flame.  The  two  photomultipliers  were  posi¬ 
tioned  at  desired  locations  using  a  He-Ne  laser  for 
alignment.  The  output  from  the  photomultiplier  was 
amplified  (bandpass  set  at  1  kHz),  recorded  by  an 
FM  tape  recorder  (operated  at  a  speed  of  30  ips  for 
one  minute),  and  monitored  by  an  oscilloscope.  The 
signal  was  then  analyzed  by  an  FFT  spectrum  ana¬ 
lyzer. 


Results  and  Discussion 

Visualization  of  a  transitional  jet  diffusion  flame 
is  shown  in  Fig.  1.  The  experiment  was  conducted 
using  a  10  mm  nozzle  fueled  with  methane  gas  at 
Re  =  2390  (Uo  =  4.09  m/s).  The  photograph  was 
taken  with  a  still  camera  aimed  at  a  right  angle  to 
the  vertical  light  sheet.  The  vertical  light  sheet,  as 
discussed  earlier,  was  positioned  across  the  center- 
line  of  the  jet  flame.  The  photograph  thus  recorded 
a  two-dimensional  image  of  Mie  scattering  super¬ 
imposed  with  a  planar  projection  of  the  three  di¬ 
mensional  luminous  flame. 

The  visualization  revealed  two  distinct  vortical 
structures,  i.e. .  large  toroidal  vortices  outside  the 
luminous  flame  (termed  outer  vortices  in  the  dis¬ 
cussion  herein)  and  small  roll-up  vortices  inside  the 
flame  (inner  vortices).  The  first  identifiable  outer 
vortex,  at  this  particular  instant,  was  located  at  80 
to  150  mm  above  the  burner,  and  followed  by  a 
second  vortex  that  was  located  at  150  to  200'  mm 
above  the  burner.  An  obvious  (lame  bulge  was  seen 
at  a  height  (;)  near  130  mm,  or  near  the  dislocated 
saddle  point  A.  The  flame  bulge  is  probably  formed 
due  to  the  rotational  flow  inside  the  outer  vortices. 
The  mechanism  is  speculated  to  be  that  the  toroidal 
vortex  below  the  flame  bulge  moves  the  flame  sur¬ 
face  radially  outward  while  the  one  above  the  bulge 
drags  the  flame  surface  inward.  Thus  a  bulge  was 
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Fic  l  Planar  visualization  of  a  methane  jet  dif¬ 
fusion  (lame  Re  =  2390,  10  mm  nozzle) 


formed.  It  was  also  due  to  this  view  that  the  dis¬ 
located  saddle  point  A  was  named."2  Inside  the  lu¬ 
minous  flame,  well  defined  roll-up  vortices  first  ap¬ 
peared  at  i  >  20  mm  ior  >2  Do).  The  inner  vortices 
grew  rapidly  until  ;  =  40  mm  was  reached.  Be¬ 
yond  that  location,  the  size  of  the  inner  vortices 
remained  relatively  constant  before  a  height  of  80 
mm,  or  Point  B,  was  reached.  Point  B  is  the  lower 
critical  point  or  the  boundary  of  the  observable 
outer  vortex.  Downstream  of  Point  B.  inner  vor¬ 
tices  seemed  to  be  stretched  before  vortex  pairing 
or  coalescence  was  observed  near  the  flame  bulge. 

The  outer  vortex  is  the  flow  structure  due  to 
buoyancy-driven  Kelvin-Helmholtz  tvpe  instability 
The  frequencies  of  these  vortices  are  well  corre¬ 
lated  with  the  flame  bulge  and  the  flame  oscillation 
frequency.  As  an  example,  the  time  histories  of  the 
flame  bulge.  Point  A,  and  Point  B  ic.fi.  Fig.  1)  are 
illustrated  in  Fig.  2.  The  results  were  obtained  by 
image  analysis  of  high-speed  movies  1 1000  fjps)  taken 
from  the  methane  jet  diffusion  flame  shown  in  Fig. 
1.  Periodicity  in  outer  vortices  and  flame  bulge  is 
illustrated  by  the  three  cycles  shown  in  Fig.  2.  The 
frequency  for  this  condition  is  14.3  Hz. 

A  two  stage  behavior  of  the  flame  bulge  motion 
is  seen  in  Fig.  2.  The  flame  bulge  first  moved  in 
parallel  with  Point  A,  until  80  ms  in  the  first  cycle. 
150  ms  in  the  second  cycle,  and  220  ms  in  the  third 
cycle,  then  it  accelerated  passing  Point  A.  The  ac¬ 
celeration  of  the  flame  bulge  momentarily  increased 
the  convective  velocity  of  Point  A  near  the  inter¬ 
section  of  the  two  curves  (Flame  Bulge  and  Point 
A).  This  suggests  that  two  inflection  points  with  re¬ 
spect  to  time  probably  exist  in  the  convective  ve¬ 
locity  of  Point  A;  they  occurred  prior  to  and  im¬ 
mediately  alter  the  time  of  the  crossing.  The  crossing 
of  the  flame  bulge  through  the  saddle  point  can  be 
seen  in  Fig.  3(a).  The  methane  diffusion  flame  shown 
in  Fig.  3(a)  was  issued  from  a  contoured  nozzle  at 
Re  =  410  i  Do  =  10  mm.  Uo  =  0  7  m/s).  The 


FlC,  2.  Time  history  of  a  methane  jet  diffusion 
flame  (Re  =  2390.  10  mm  nozzle) 
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Kl(..  )  Planar  visualization  of  methane  let  diffusion  (lames,  a1  Re  =  4IU  10  mm  nozzle  l>  Re  =  lit). 
1 1  mm  tube,  ic)  Re  =  6420,  10  mm  nozzle 


photograph  showed  that  a  flame  bulge  >at  ;  ~  250  well  defined,  the  outer  vortices,  however  'till  van 

mill'  accelerates,  passing  the  saddle  point  located  be  identified.  For  example  Fig  Vc  is  a  usualiz- 

at  ;  =  220  nun.  The  acceleration  and  the  rotational  ation  of  a  methane  jet  diffusion  flame  at  Ke  =  6420 

motion  inside  the  outer  vortices  that  causes  the  flame  Do  =  10  mm.  I'o  =  II  m/s  \t  this  condition, 

to  be  stretched  in  the  axial  direction  More  signil-  the  flame  siiriace  is  not  as  smooth  as  that  u 

icant  stretching  was  observed  at  low  fuel  flow  rates  Figs  1  and  >i a 1  Flanielets  are  formed  due  to  inner 

At  some  instance,  a  portion  of  the  flame  mav  be  vortices  colliding  with  otherwise  smooth  flame  siir- 
i|uenched  bv  the  outer  vortex  as  shown  in  Fig.  5dn  face  The  flame  now  experiences  a  high  straining 

At  high  luel  flow  rates,  the  flame  bulge  is  no  longer  rate  at  locations  where  the  inner  vortices  protrude 
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Fig  4  Spectra  of  a  methane  jet  diffusion  flame  Flu.  5.  Frequency  of  jet  diffusion  flames  i test 
?>c  -  2370.  II  mm  tube/  conditions  summarized  in  Table  1). 


the  flame  surface.  A  high  straining  rate  is  also  ex¬ 
perienced  bv  the  flame  at  locations  near  the  burner 
exit  where  high  xelocitv  gradients  exist. 

To  further  illustrate  the  correlation  between  the 
flame  bulge  and  the  outer  vortex,  pow  -  spectra  of 
the  flame  luminosity  and  Mie  scattering  from  the 
outer  vortex  are  shown  in  Fig.  4  The  measure¬ 
ments  were  made  with  a  tube  burner  iDo  =  11 
mm1  fueled  with  methane  gas  at  Re  =  2370  while 
L  a  was  maintained  at  0  1 1  m/s  The  data  were  taken 
at  :  =  115  mm  using  two  photomultipliers.  The 
photomultipliers  were  aimed  at  the  center  of  the 
flame  and  focused  at  the  laser  light  sheet  labout  30 
mm  away  from  the  centerline!  for  flame  luminosity 
and  Mie  scattering  measurements  respectively  To 
eliminate  detection  of  Mie  scattering  signals  due  to 
the  flow  inside  the  luminous  flame.  TiCl.,  seeding 
to  the  fuel  jet  was  stopped.  On  the  other  hand,  the 
Mie  scattering  detection  was  checked  examining  the 
signals  with  the  laser  source  being  blocked.  Satis¬ 
factory  results  were  obtained.  A  frequency  of  14  Hz 
was  recorded  by  the  two  detectors,  as  well  as  higher- 


order  harmonics  at  28  Hz  and  42.5  Hz  The  ob¬ 
servation  showed  that  the  flame  oscillation  and  the 
outer  vortex  are  correlated. 

The  results  of  the  frequency  measurements  with 
the  two  techniques  described  above  (imaging  and 
spectrum  analysis)  are  summarized  in  Fig.  5  The 
flame  oscillation  or  the  outer  vortex  occurrence  fre¬ 
quency  was  found  in  the  range  of  11.4  to  17.4  Hz 
for  the  conditions  summarized  in  Table  1 — rela¬ 
tively  independent  of  the  fuel  type,  burner  geom¬ 
etry.  and  burner  exit  velocity,  consistent  with  ear¬ 
lier  studies.1-10  A  general  trend,  however,  can  be 
extracted  from  reviewing  the  data  available  to  us. 
The  frequency  wgs  found  to  increase  as  the  burner 
velocity  is  increased  or  the  coflowing  air  velocity  is 
increased.  The  increase  in  coflowing  air  velocity  will 
delay  the  inflection  point  in  axial  velocity  to  a 
downstream  location.  As  a  result,  the  frequency  is 
expected  to  increase  following  the  analysis  bv  Buck- 
master  and  Peters10  in  that  a  ;1-1  dependence  was 
found  The  burner  geometry  also  exhibits  a  weak 
influence  on  flame  oscillation  frequencies.  It  was 


TABLE  1 

Summary  of  test  conditions 


Fuel  Tvpe 

Do  (mm) 

Burner  Type 

Co  'm/s) 

I’d  m/s> 

Ethylene 

22.5 

Tube 

0.4 

O  15 

Eth\  lt*ue 

10 

Contoured  Nozzle 

1  26-4  09 

0  15 

Methane 

10 

Contoured  Nozzle 

1  81-6.83 

0  065.0  15 

Methane 

11 

Tube 

0  T9 — 1.02 

0  1.0  15 

Methane 

22.5 

Tube 

0  8-2  69 

0  15 

Propane 

10 

Contoured  Nozzle 

1  06-2  44 

0  l 

Propane 

11 

Tube 

0  2-2.37 

0  07.0  10  11 

Propane 

22.5 

Tube 

0  71-1  36 

0  15 

15 
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found2  that  lone  pipes  generally  had  a  higher  fre¬ 
quency  than  contoured  nozzles  at  a  similar  condi¬ 
tion  i  Do  and  Ret.  The  oscillation  trequenev  also 
showed2  a  weaker  dependence  in  Re.  or  Uo.  a  Re1111, 
dependence  was  found  for  long  pipes  while  Re°  14 
was  found  for  nozzles. 

The  vortex  convective  velocity  extracted  from 
image  analvsis  is  shown  in  Fig.  6.  The  convective 
velocities  of  Points  A  and  B  are  quite  constant,  with 
A  having  a  slightly  higher  velocity.  The  correlation 
coefficient  of  position  versus  time  is  better  than 
99  a'T  for  the  data  presented  in  Fig  6  The  slightly 
higher  convective  velocitv  at  Point  A  is  consistent 
with  the  observation  that  the  outer  vortex  first  grew 
axially  and  then  radiallv.  Crowth  in  the  radial  di¬ 
rection  is  probably  due  entrainment  of  the  cool 
ambient  air.  therebv  slowing  down  the  vortex  mo¬ 
tion.  allowing  the  flame  bulge  to  accelerate  passing 
Point  U  The  data  reported  in  Fig  6  are  for  two 
burner  configurations  1 10  mm  nozzle  and  11  mm 
tube'  and  three  fuels  icthvlene.  methane  and  pro¬ 
pane'  with  Ua  maintained  at  0  15  or  0.1  m/s.  Un¬ 
der  these  conditions,  the  convective  velocity  varied 
in  the  range  0.66  to  0  87  in/s  with  Point  A  and 
Point  B  moving  at  similar  speeds.  Point  A.  never¬ 
theless.  had  a  slightly  higher  velocitv  for  most  con¬ 
ditions  It  is  interesting  to  note  that  the  character¬ 
istic  velocitv  of  the  kinetic  energy  due  to  buoyancy 
forces  is  0  88  m/s.  based  on  gravitational  acceler¬ 
ation  of  9  8  m/s".  height  of  40  mm.  and  a  density 
difference  of  l  kg/in1  This  value  is  typical  of  the 
vortex  convective  velocity  observed  in  the  present 
studs 

An  interesting  buoyancy  effect  on  the  flame  dy¬ 
namics  is  the  pairing  '  or  "merging  of  the  lumi¬ 
nous  flame  The  spectra  of  an  ethylene  diffusion 
flame  at  Re  =  2500  iDo  -  22.5  mm.  Uo  =  0.95 
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FlC.  7.  Spectra  of  ethylene  jet  diffusion  flames 
iRe  =  2500,  22.5  mm  tube) 


m/s)  are  shown  in  Fig.  7.  The  photomultiplier  was 
aimed  at  the  center  of  the  flame  at  different  axial 
locations.  Predominant  frequencies  of  12  and  24  Hz 
(fundamental  and  harmonic)  were  registered  at  z  = 
108  mm.  The  12  Hz  frequency  is  what  would  be 
normally  identified  as  the  flame  oscillation  fre¬ 
quency.  At  downstream  locations,  e  g  :  =  190  and 
212  mm.  the  strength  of  the  harmonic  frequency 
increased  and  higher  order  harmonics  became  ob¬ 
servable  At  ;  =  245  mm.  a  sub-harmonic  fre¬ 
quency  ol  6  Hz  was  seen  The  sub-harmonic  prob¬ 
ably  results  from  the  "merging  of  the  flame  bulge. 
The  process  of  "merging"  can  be  seen  dearlv  in  high¬ 
speed  movies:  when  a  flame  bulge  moved  up  and 
outward,  its  convective  velocity  slowed  down  allow¬ 
ing  the  next  flame  bulge  to  catch  up.  As  a  result, 
the  preceding  flame  bulge  interacts  with  the  trail¬ 
ing  one.  The  process  occurred  at  even  other  flame 
bulge  formed  near  the  burner  exit,  thus  a  sub-har¬ 
monic  frequency  was  registered. 

Flame  oscillations  have  been  observed  in  iet  dif¬ 
fusion  flames  at  low  Revnolds  number  condition, 
e  g..  Figs.  3(a'  and  ib).  Non-oscillating  laminar  dif¬ 
fusion  flames,  however,  were  observed  using  a  5 
mm  nozzle  fueled  with  methane  at  Re  =  120  il'o 
=  0  39  m/si.  A  non-oscillating  laminar  diffusion 
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(lame  mav  also  be  observed  when  the  fuel  gas  was 
mixed  with  an  inert  gas.  This  was  seen  in  a  hy¬ 
drogen  and  nitrogen  diffusion  tlame  at  Re  =  3452 
based  on  Uo  =  6  21  m/s.  Do  =  10  mm,  and  the 
mixture  viscositvi  and  a  volumetric  ratio  of  nitrogen 
to  hvdrogen  equal  to  2.67.  The  suppression  of  the 
outer  vortex  (thus  the  flame  bulge  I  is  due  to  the 
change  in  stoichiometric  mixture  fraction  (from 
0  0283  tor  pure  hvdrogen  to  0.5282  for  the  mixture! 
that  moves  the  (lame  location  toward  the  inner 
Ixiundarv  ot  the  shear  laser  adjacent  to  the  poten¬ 
tial  core  As  a  result,  the  near-flame  regime  is  no 
longer  buovancv  dominated  but  momentum  domi¬ 
nated.  suppressing  the  formation  of  outer  vortices. 
Consequentlv.  the  flame  bulge  was  not  observed. 
It  was  noted  that  further  decrease  (slightly)  in  the 
HU/V  ratio  results  m  a  blow-off  of  the  previouslv 
stabilized  flame. 


Summary  and  Conclusions 

Buckmaster  and  Peters10  employed  a  linear  in- 
stabilitv  theory  and  showed  that  the  flame  buov- 
ancv  could  result  in  a  modified  Kelvin- Helmholtz 
tvpe  instabilitv  having  a  frequency  around  17  Hz. 
In  a  previous  studv. 11  l*  it  was  speculated  that  vor¬ 
tices  outside  the  luminous  flame  are  formed  due  to 
buovancv -driven  instability  and  are  responsible  for 
the  low  frequency  tlame  oscillation.  In  this  paper, 
planar  visualization  of  the  outer  vortices  is  pre¬ 
sented  The  frequency  of  the  vortical  structure  out¬ 
side  the  luminous  flame  was  found  to  correlate  with 
the  flame  oscillation  frequency.  The  frequency  was 
in  the  range  10  to  20  Hz  and  the  vortex  convective 
velocitv  was  approximately  0.8  m/s,  over  the  con¬ 
ditions  studied.  The  tlame  oscillation  frequency 
showed  a  weak  dependence  on  burner  exit  velocity 
and  endowing  annulus  air.  The  frequency  increased 
as  the  burner  exit  velocity  or  the  coflowing  air  ve¬ 
locitv  was  increased. 

Buovancv -driven  toroidal  vortices  are  shown  to 
exert  significant  stretching  on  the  flame  surface.  The 
stretching  can  locally  quench  an  otherwise  contin¬ 
uous  flame  surface,  resulting  in  a  detached  flame 
puff  The  toroidal  vortices  are  also  responsible  for 
the  pairing  "  or  "‘merging  ’  of  the  flame  bulge.  A 
sub-harmonic  of  the  oscillation  frequency  was  mea¬ 
sured  at  locations  where  "merging"’  or  "pairing  was 
observed.  It  is  clear  that  buoyancy  driven  vortices 
are  important  to  the  dynamics  of  the  flame,  at  least, 
at  low  and  transitional  Reynolds  number  condi¬ 
tions.  To  advance  our  understanding  of  the  funda¬ 
mentals  of  these  flames,  time  resolved  multipoint 
measurements  will  be  required. 

It  should  be  mentioned  that  there  exists  a  cer¬ 
tain  relationship  between  the  tlame  oscillation  and 
the  vortex  shedding  inside  the  luminous  flame  for 
certain  diffusion  flames.  For  example,  vortex  shed¬ 


883 

ding  inside  a  propane  diffusion  flame  <22.5  mm  tube 
burner  at  Re  =  1100)  was  shown"1  to  correlate  with 
the  flame  oscillation  at  a  frequency  of  13  Hz.  Fur¬ 
ther  study  of  the  interaction  between  the  buov- 
ancy-driven  vortices  and  fluid  motion  inside  the 
tlame  is  needed  to  better  understand  the  phenom¬ 
enon. 


Nomenclature 

Symbol  Description 

Do  burner  diameter 
/  mixture  fraction 

Re  burner  exit  Reynolds  number  based  on  Do. 
L'o  and  kinematic  viscosity  of  the  fuel  gas 
at  298  K 

Ua  annulus  air  velocity 

L’o  burner  exit  velocity,  4Q/ttDo2.  where  Q  is 
the  volumetric  flow  rate 

z  vertical  distance  above  the  burner  exit  plane 
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COMMENTS 


VI  \nmazian  Altex  Technologies  Corp..  CSA. 
Have  sou  performed  any  spectrum  analysis  of  the 
sold  flow  at  the  jet  exit  to  check  if  there  is  any 
external  forcing  effect  on  the  flow-1 

Author  s  Reply  W>  do  not  hav  e  spectrum  anal- 
\sis  of  the  cold  flow  as  suggested  by  Dr  Namazian 
The  work  done  bs  Dr  Roquemore  and  co-workers 
at  the  Air  Force  Wright  Aeronautical  Laboratories 
on  different  flow  conditions  iwith  the  same  test  fa¬ 
cility  1  did  not  suggest  there  exist  external  forcing 
etlects  associated  with  the  test  facility 

S  R  Turns.  Pennsylvania  State  Cm i  .  CS.4  The 
origin  and  character  of  the  inner  structure  in  flames 
like  sours  is  well  known  Less  well  known,  how- 
eser.  are  the  origins  and  character  of  the  structures 
exterior  to  the  flame  zone.  Since  the  vortex  passing 
frequency  in  the  outer  zone  is  essentially  indepen¬ 
dent  ol  both  flow  velocity  and  fuel  type,  a  buoyant 
instability  driven  by  the  temperature  difference  be¬ 
tween  the  llaine  and  the  surroundings  would  seem 


to  be  a  likelv  ongin  of  the  outer  structures  What 
do  vou  think  are  the  origins  of  the  outer  zone' 

Authors  Reply  We  believe  that  the  low  fre¬ 
quency  flame  oscillation  and  vortical  structure  out¬ 
side  the  luminous  flame  are  due  to  modified  kel- 
v  in-Helmholtz  instabilities  driven  bv  buovancv 
forces.  This  was  shown  bv  Buckmaster  and  Peters 
ie  g  .  see  Ref.  10  of  the  paperi.  employing  a  linear 
instability  analysis  In  the  experiments,  we  have 
been  able  to  suppress  the  outer  structure  bv  di¬ 
luting  the  fuel  gas  'hydrogen'  with  an  inert  gas  ni¬ 
trogen!  The  dilution  of  the  fuel  gas  moves  the  flame 
location  from  the  outer  edge  of  the  shear  laser  low 
stoichiometric  mixture  fraction'  toward  the  inner 
boundary  of  the  shear  laser  higher  stoichiometric 
mixture  Iractionl  At  certain  conditions,  the  flame 
location  can  be  moved  to  a  momentum  dominated 
regime  As  a  result,  the  outer  vortices  were  sup¬ 
pressed.  As  for  the  characterization  of  the  outer 
structure,  it  seems  that  the  proposed  constant 
Strouhal  number  laround  0  3.  based  on  the  width 
of  the  outer  vortices,  its  frequents  and  c  onset  live 
velocity)  as  presented  in  the  oral  presentation  mas 
work  Work  is  in  progress  to  substantiate  tins  ob¬ 
servation 
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The  Structure  of  Jet  Diffusion  Flames 
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Abstract 


This  paper  presents  the  structural  characteristics  of  free,  round,  jet  diffusion  flames  as 
obtained  using  a  new  2D  laser  sheet  lighting  visualization  technique  referred  to  as  the  RMS 
(Reactive  Mie  Scattering)  method.  The  results  of  analyzing  photographs  and  high  speed 
movies  of  flames  using  the  RMS  method  are  discussed  in  terms  of  the  visible  flame  structure 
The  fuel  velocity  is  varied  from  0.16  to  17  i  Vs.  The  presence  of  large  toroidal  vortices  formed 
outside  the  visible  flame  zone  have  been  known  for  many  years  but  their  importance  in 
determining  the  dynamic  structure  of  free  jet  diffusion  flames  has  not  been  fully  appreciated. 
The  influence  of  the  outer  vortices  on  flame  structure  is  prevalent  for  near  laminar  and 
transitional  flames  and  diminishes  for  near  turbulent  flames.  They  are  believed  to  result  from 
a  Kelvin-Helmholtz  type  instability  formed  by  a  buoyantly  driven  shear  layer.  They  appear  to 
be  responsible  for  flame  flicker  defined  by  the  separation  of  the  flame  tip  or  the  oscillations  of 
the  flame  surface  and  for  determining  the  shape  ui  the  mean,  rms,  and  pdf  radial  profiles  of 
temperature.  Vortex  structures  have  also  been  observed  inside  the  visible  flame  zone.  In 
transitional  flames  established  by  a  contoured  nozzle,  these  structures  are  shown  to  be  on 
the  scale  of  the  10  mm  diameter  nozzle,  toroidal,  and  coherent  for  a  long  distance 
downstream.  However,  they  may  have  only  a  minimal  impact  on  the  mean  temperature 
characteristics  of  transitional  flames.  Their  impact  on  the  visible  flame  structure  of  near 
turbulent  flames  is  large.  At  high  fuel  velocities,  coalescence  of  the  large  vortices  appear  to 
be  correlated  with  the  formation  of  small  3D  vortices  which  are  randomly  distributed  in  size 
and  space.  Collisions  of  the  small  vortices  with  the  visible  flame  front  produce  small 
localized  flamelets  which  are  responsible  for  the  wrinkled  appearance  of  the  visible  flame 
surface.  The  localized  stretching  of  the  flame  surface  is  believed  to  invoke  finite  rate 
chemistry  effects.  Indeed,  collisions  are  observed  where  the  flame  stretch  is  large  enough  to 
cause  localized  holes  to  form  in  the  flame  surface.  This  appears  to  occur  when  the  radial 
velocities  of  the  inner  vortices  are  large.  Holes  formed  near  the  lip  of  the  jet  are  postulated  to 
be  one  mechanism  that  induces  flame  lift-off. 
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Introduction 

The  Reactive  Mie  Scattering  laser  sheet-lighting  technique  has  demonstrated  the 
capability  ot  providing  Information  on  blutt-body  stabilized1  >2  and  |et  diffusion  flames3  4  in 
more  detail  than  obtained  by  conventional  Schlferen  and  shadowgraphic  techniques.  The 
technique  involves  adding  titanium  tetrachloride  (TICI4)  vapor  to  both  the  dry  co-flowing  air 
and  the  fuel.  The  TICI4  mixes  with  the  water  product  of  the  flame  and  reacts  spontaneously, 
near-instantaneously  and  near-isotherrmsliy  to  form  0.7  to  5  micron  diameter  titanium  dioxide 
(TIO2)  particles.  The  particles  are  visualized  by  Mie  scattering  from  a  sheet  of  laser  light. 
This  provides  a  2D  view  of  the  flow  instead  of  a  path  integrated  result. 

Much  of  the  detail  provided  by  the  technique  results  because  the  particles  tend  to 
highlight  the  regions  where  the  water  product  mixes  with  the  fuel  and  air  on  a  molecular 
level.  Since  the  scattering  cross-section  Is  significantly  reduced  at  higher  temperatures,5  the 
cooler  regions  of  the  flame  are  marked.  Also,  the  diffusion  of  the  Ti02  particles  is 
considerably  less  than  that  for  gas  molecules.  Thus,  the  particles  tend  to  highlight  the 
convection  rather  than  molecular  diffusion  processes.  The  2D  flow  visualization  technique 
will  be  referred  to  as  the  RMS  (Reactive  Mfe  Scattering)  method  since  the  technique  uses  a 
reactive  media  (TICI4)  to  form  the  Mie  scattering  particles. 

This  paper  discusses  some  of  the  Insights  Into  the  visible  structure  of  jet  diffusion 
flames  provided  by  examining  flame  photographs  obtained  using  the  RMS  technique. 
Photographs  were  taken  of  near  laminar,  transitional  and  lifted  flames.  CARS  temperature 
measurements  were  made  in  a  transitional  flame  and  the  results  are  interpreted  in  terms  of 
the  observed  flame  structure. 


E««rlm9fflal  Methods 

The  experimental  set-up  for  visualizing  fhe  flame  by  the  RMS  method  is  shown  in  Fig. 
1.  TiCl4  vapor  was  added  to  both  the  dried  annulus  air  and  the  fuel.  The  co-fiowing  air 
stream  had  a  velocity  of  1 5  cm/s  which  was  sufficient  to  reduce  the  room  air  disturbances 
while  not  causing  a  significant  effect  on  the  visible  flame  structure.  The  annulus  jet  had  a 
diameter  of  245  mm.  An  1 1  mm  diameter  tube  was  used  for  the  flame  shown  in  Fig.  3a,  all 
other  photographs  were  made  with  a  10  mm  diameter  nozzle  which  was  contoured  to  provide 
a  flat  velocity  profile  at  the  exit.  The  fuel  type,  either  methane  or  propane,  Is  Indicated  for 
each  figure. 

Mie  scattering  from  the  TK)2  particles  were  observed  at  right  angles  to  the  laser  sheet. 
A  pulsed  Nd:YAG  laser  was  used  as  a  light  source  and  was  electronically  triggered  when  the 
camera  shutter  was  opened.  Both  the  orange  colored  blackbody  radiation  from  the  soot  par- 
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Deles  and  the  green  Mie  scattered  laser  light  were  recorded  on  the  film.  The  tlame  luminosity 
was  integrated  over  the  2  ms  camera  shutter  speed,  while  the  Mie  scattered  light  was  cap¬ 
tured  during  the  IS  ns  duration  of  the  laser  pulse.  Additional  information  on  the  experimental 
set-up  is  given  in  Ref.  3. 

The  luminous  flame  surface  appears  (o  be  2D  in  the  photographs  which  can  be  mis¬ 
leading.  since  it  is  really  a  3D  surface  superimposed  on  the  2D  photograph.  However,  using 
the  color  discrimination  between  the  luminous  flame  and  the  2D  Mie  scattered  light,  one  can 
normally  obtain  a  clear  interpretation  of  the  flame  photographs.  Unfortunately,  the  reader  will 
be  hampered  by  the  published  black  and  white  photographs.  To  partly  negate  this  problem, 
the  llame,  Mie  scattered  tight,  and  other  interesting  features  have  been  marked  on  some  of 
the  photographs. 

The  Coherent  Anti-Stokes  Raman  Spectroscopy  (CARS)  system  used  to  make  tem¬ 
perature  measurements  was  developed  by  Goss,  et  al.,6  and  only  the  salient  features  will  be 
mentioned  here.  The  system  used  the  frequency  doubled  output  from  a  pulsed  Nd:  YAG 
laser  to:  pump  a  broadband  dye  laser  and  as  the  pump  beam  in  the  CARS  process.  A  tem¬ 
perature  measurement  was  made  during  the  IS  ns  firing  of  the  Nd:  YAG  laser.  Fifteen  hun¬ 
dred  measurements  were  made  at  each  spatial  location.  This  sample  size  was  shown  to  be 
sufficient  to  obtain  stable  mean,  rms  and  pdf  temperature  measurements.  The  precision  of 
each  single  shot  CARS  measurement  in  a  constant  temperature  environment  is  about  ±75  K. 
The  precision  of  the  mean  is  estimated  to  be  ±10  K. 

A  folded  BOXCARS  configuration  was  used  to  achieve  a  spatial  resolution  of  less  than 
2  mm  in  the  direction  of  laser  beam  propagation.  There  is  undoubtedly  some  spatial 
integration  occurring  in  the  measurement  volume.  This  could  broaden  the  pdfs,  reduce  the 
rms  values,  reduce  the  probability  of  measuring  near  stoichiometric  temperatures  and  reduce 
the  sharpness  of  the  mean  temperature  gradients.  The  uncertainties  in  the  temperature 
measurements  resulting  from  the  size  of  the  measurement  volume  will  depend  on  the 
characteristics  of  the  flame  being  studied  and  are  unknown.  The  impact  of  the  measurement 
volume  size  was  somewhat  reduced  by  traversing  the  burner  in  a  direction  perpendicular  to 
the  propagation  direction  of  the  laser  beams  when  making  the  radial  profile  measurements. 

Results  and  Discussion 


General  Flame  Structure 

Yule,  et  al.7  made  detailed  studies  of  the  structure  of  a  transitional  premixed 
(propane -fair)  jet  flame  having  an  equivalence  ratio  of  10.4.  This  flame  was  stabilized  on  a 
contoured  nozzle  with  a  diameter  of  25.4  mm.  The  mass  averaged  fuel  exit  velocity  was  640 
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cm/s  and  Reynolds  number  was  104  (based  on  air  properties).  A  100  cm/s  sheath  ot  air  sur¬ 
rounded  the  flame.  Their  sketches  of  the  flame  structure,  obtained  from  studies  of  color 
Schlieren  photographs,  are  illustrated  in  Fig.  2.  Also  included  in  Fig.  2,  is  a  photograph  of  a 
transitional  propane  jet  diffusion  flame  (Re  -  5318)  obtained  with  the  RMS  technique.  This 
flame  is  stabilized  on  a  10  mm  diameter  contoured  nozzle. 

A  very  good  qualitative  agreement  between  the  Schlieren  and  RMS  results  are  shown 
in  Fig.  2.  Yule,  et  a(.7  identified  two  regions  containing  organized  structures.  One  region,  lo¬ 
cated  outside  of  the  flame  surface,  consisted  of  large  slow  moving  vortices  that  occurred  at  a 
frequency  of  about  30  Hz.  They  referred  to  this  region  as  an  outer  preheat  zone.  Another  re¬ 
gion,  referred  to  as  the  inner  preheat  zone,  was  located  inside  the  flame  at  the  potential  core 
interlace.  These  type  of  structures  are  clearly  identified  in  the  flame  photograph  in  Fig.  2. 
The  structures  inside  the  visible  flame  surface  represent  the  fuel/H20  product  interlace  and 
the  large  structures  outside  the  flame  surface  mark  the  air/HgO  product  interlace.  The  fre¬ 
quency  of  the  outer  structures  in  our  experiments  was  about  15  Hz.  We  observed  that  the 
frequency  of  the  outer  structures  increased  with  an  increase  in  annulus  air  velocity.  This  may 
account,  in  part,  for  the  30  Hz  frequency  observed  by  Yule,  et  al.  since  their  annulus  flow  was 
considerably  larger  than  ours.  The  characteristics  of  the  outer  and  inner  structures  and  the 
influence  they  have  on  the  flame  properties  will  be  discussed  in  the  next  few  paragraphs. 

Outer  Structures 

The  outer  structures  are  bqlieved  to  be  established  by  a  natural  convection,  buoyancy- 
driven  shear  layer.  The  flow  field  outside  the  stoichiometric  flame  surface  consists  of  three 
components,  two  forced  components  and  a  natural  convection  component.  The  forced 
components  are  due  to  the  momentum  of  the  annular  and  fuel  jets.  From  studies  of  high 
speed  movies  it  appears,  for  the  methane  and  propane  flames  under  study,  that  most  of  the 
forced  flow  from  the  fuel  jet  was  inside  the  visible  (luminous)  flame  surface  and  did  not 
contribute  greatly  to  flow  field  outside  the  flame  surface.  The  annulus  flow  velocity  was 
significant  in  the  lower  regions  of  the  flame  but  appeared  to  be  overcome  by  the  constant 
acceleration  of  the  buoyancy  driven  flow  at  a  height  of  about  70  mm  from  the  nozzle  exit. 
This  height  is  noteworthy  because  it  identifies  the  location  where  an  instability  in  the  outer 
flow  had  developed  into  a  larger  toroidal  vortex.  This  location  was  nearly  constant  for  all  of 
our  experiments  which  suggest  that  ft  was  weakly  dependent  on  fuel  nozzle  design,  fuel  type 
and  fuel  velocity.  It  was,  however,  strongly  dependent  on  the  annulus  air  velocity.  Thus,  we 
believe  that  the  flow  field  outside  the  flame  surface  was  dominated  by  natural  convection 
induced  by  buoyancy. 

The  outer  vortices  result  from  an  instability  in  the  outer  shear  layer.  Their  Impact  on 
the  flame  structure  at  low  and  intermediate  fuel  velocities  is  significant  if  not  dominating  in  the 
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flames  studied.  The  outer  vortices  are  believed  to  be  responsible  for  flame  flicker  as  defined 
by  the  separation  of  the  flame  tip  from  the  main  body  of  the  flame  or  the  natural  low  frequency 
oscillation  of  the  flame  surface.  This  assessment  Is  in  agreement  with  the  analysis  reported 
by  Buckmaster  and  Peters®  who  predicted  that  the  flame  flicker  frequency  results  from  an 
instability  in  the  outer  shear  layer.  The  clipping  of  the  flame  tip  is  shown  in  Fig.  3a.  The 
height  of  this  flame  was  Just  above  the  height  where  the  outer  vortices  are  formed.  This 
appeared  to  be  a  necessary  condition  for  making  the  flame  tip  susceptible  to  the  stretching 
and  quenching  actions  of  the  outer  vortices.  Schlleren  and  flame  photographs  of  the  flame 
clipping  process  were  taken  by  Kimura®  and  Toong  et  al.10  but  the  photographs  were  not 
sufficiently  revealing  to  allow  a  clear  explanation  of  the  phenomena. 

Another  form  of  flame  flicker  is  the  oscillation  of  the  luminous  flame  surface.  This  oc¬ 
curs  for  longer  flames  (higher  fuel  flow  rates)  than  that  shown  In  Fig.  3a.  Figure  3b  illustrates 
the  flame  oscillation  process.  The  flame  surface  is  pulled  radially  outwards  as  the  toroidal 
vortices  rotate.  This  results  in  the  formation  of  the  bulge  in  the  flame  surface  shown  in  Fig. 
3b.  To  an  observer  in  the  laboratory,  the  upwards  convective  motion  of  the  oscillating  flame 
surface  will  have  a  flickering  appearance.  If  velocities  or  temperatures  are  measured  as  a 
function  of  time  at  a  point  in  the  flow  field,  near  sinusoidal  oscillations  will  result  as  observed 
by  Toong  et  al.1®  and  Durao  and  Whltelaw.11  The  frequency  of  oscillation  will  correspond  to 
the  frequency  of  the  outer  vortices  which  was  about  15  Hz  in  our  experiment.  This  frequency 
was  nearly  independent  of  fuel  type  And  fuel  nozzle  design  (diameter,  tube  or  contoured 
nozzle)  tor  a  wide  range  of  fuel  velocities.  This  Is  consistent  with  previously  reported  obser- 
vations.®',0  ,f  With  an  additional  Increase  in  fuel  velocity,  the  flame  has  less  time  to  be  af¬ 
fected  by  the  rotation  of  the  outer  vortices  and  the  flame  bulge  is  reduced  in  size,  as  Illus¬ 
trated  by  the  methane  jet  flames  shown  in  Figs.  3c  and  3d.  Thus,  the  flame  flicker,  resulting 
from  large  scale  oscillations  in  the  flame  surface,  appears  to  diminish  as  the  relative  velocity 
between  the  flame  surface  and  the  outer  vortices  increases.  At  the  high  fuel  flow  rates  shown 
in  Fig.  4.  the  outer  structures  are  small  and  not  easily  recognizable.  However,  studies  of  high 
•peed  movies  indicate  that  the  outer  structures  still  have  some  Impact  on  the  flame  even  at 
these  relatively  high  velocities.  They  appear  to  be  responsible,  in  part,  for  a  long  wavelength 
oscillation  in  the  visible  flame  surface. 

Entrainment  of  air  is  another  important  effect  of  the  outer  vortex  structures.  As  the  vor¬ 
tices  rotate,  they  entrain  air  which  is  preheated  by  mixing  with  combustion  products  picked  up 
t'om  me  flame  surface.  The  preheated  air  and  products  are  transported  to  the  flame  surface 
by  rotation  of  the  vortices  where  the  oxygen  reacts  with  the  fuel  which  is  supplied,  in  part,  by 
the  convective  motion  of  vortex  structures  internal  to  the  flame.  At  high  fuel  flow  rates,  the 
outer  vortices  are  transformed  to  a  layer  of  hot  gases  with  very  little  rotational  motion  (See 
Fi9  «)•  However,  air  is  still  entrained,  mixed  and  preheated  in  this  hot  layer  and  transported 
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to  the  flame  surface  by  diffusive  and  convective  actions. 

The  transport  of  air  and  products  from  outside  the  high  temperature  flame  surface  into 
the  interior  of  the  flame  could  be  a  two  step  process.  The  first  step  is  the  entrainment  of  air 
by  the  outer  vortices  and  the  second  is  the  transport  of  outside  fluid  into  the  interior  of  the 
flame.  The  rates  of  these  two  processes  may  also  be  different.  The  entrainment  of  air  into  the 
outer  vortices  is  probably  large  judging  by  the  volume  they  encompass;  whereas,  the 
transport  across  the  high  temperature  surface  of  the  flame  will  most  likely  be  inhibited  the  by 
the  high  viscosity  layer  of  the  flame.  The  processes  are  complicated  by  a  dependence  on 
such  parameters  as  air  and  fuel  velocities  and  nozzle  diameter.  The  entrainment  processes 
are  very  important  to  our  understanding  of  jet  diffusion  flames  and  are  not  clearly  understood. 

We  have  approached  the  discussions  of  the  outer  vortices  from  the  view  that  they  are 
causing  the  oscillation  in  the  flame  surface  and  not  the  motion  of  the  flame  surface  inducing 
an  instability  in  the  outer  shear  layer.  This  view  is  suggested  theoretically  by  the  instability 
analysis  performed  by  Buckmaster  and  Peters.8  Experimental  evidence  also  suggests  that 
this  view  is  correct.  For  example,  the  outer  vortex  structure  is  not  changing  greatly  in  Figs.  3b. 
3c.  and  3d  (the  photograph  in  Fig.  3b  is  not  at  the  same  spatial  scale  as  those  in  Figs.  3c  and 
3d  due  to  a  difference  in  camera  location);  but,  the  outward  extent  of  the  flame  bulge  is 
reduced  with  an  increase  in  fuel  flow  rate.  This  is  difficult  to  understand  if  the  flame  was 
inducing  the  outer  vortex  motion.  If  the  outer  vortices  are  driving  the  flame  oscillations,  then 
eliminating  the  vortices  should  eliminate  the  oscillations.  This  requires  replacing  the  natural 
buoyancy-induced  convection  by  a  dominating  forced  flow  field.  We  performed  such  an  ex¬ 
periment  by  adding  a  sufficient  quantity  of  N2  to  a  H2  jet  diffusion  flame  so  that  the  stoichio¬ 
metric  surface  lies  well  within  the  body  of  the  momentum  forced  shear  layer  of  the  jet.  When 
this  was  done  the  outer  structures  were  not  present  and  the  bulges  in  the  flame  surface  did 
not  occur.  It  should  also  be  possible  to  eliminate  the  outer  vortices  by  forcing  the  annular  air 
flow  at  a  sufficiently  high  velocity  to  mask  the  natural  convection.  This  experiment  was  not 
performed  because  our  air  supply  was  not  large  enough.  Such  an  experiment  was  however 
performed  by  Kimura,9  as  well  as  an  experiment  where  air  was  added  to  the  primary  jet 
(which  would  bring  the  stoichiometric  flame  surface  into  the  body  of  the  jet  shear  layer  so  the 
impact  of  the  natural  convection  of  the  outer  shear  layer  would  be  reduced  just  as  for  our 
H2/N2  flame).  The  result  was  that  the  flame  flicker  was  not  present.  Kimura  did  not  comment 
on  whether  the  large  vortex  structures  were  absent  in  the  above  experiment  since  he  did  not 
attribute  this  effect  to  the  elimination  of  the  natural  convection  in  the  outer  shear  layer. 

Inner  Structures 

Vortex  structures  located  inside  the  flame  surface  also  develop  as  the  fuel  velocity  is 
increased  from  near  laminar  conditions  to  near  turbulent  conditions.  The  development  of  the 
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Inner  vortex  structures  can  couple  to  the  outside  structures  under  certain  conditions,  which 
are  not  clearly  understood.  This  was  not  as  evident  in  this  study  as  it  was  In  studies  using 
larger  fuel  jets.4*7 

In  contrast  with  the  outer  vortex  structures,  the  structures  ot  the  inner  vortices  are  very 
dependent  on  the  magnitude  and  radial  protile  of  the  fuel  velocity  at  the  nozzle  exit.  This 
dependence  is  shown  In  Figs.  3  and  4  for  a  contoured  nozzle.  At  a  low  fuel  flow  rate  such  as 
that  Illustrated  by  the  flame  in  Fig.  3b,  an  initial  wave  develops  in  the  shear  layer  between  the 
potential  core  and  the  flame.  This  instability  develops  into  coherent  vortices  as  the  fuel 
velocity  is  increased  (Figs.  3c).  At  the  higher  fuel  flow  rate  shown  in  Fig.  3d,  the  inner  vortices 
coalesce  at  some  distance  downstream.  Shortly  after  the  vortices  coalesce,  they  lose  their 
coherence  ar  .•*  small-scale,  unorganized  vortex  structures  are  observed.  The  height  above 
the  nozzle,  where  coalescence  starts,  decreases  as  the  fuel  velocity  increases.  Also,  the 
(lame  spreading  angle  increases  at  the  axial  location  where  the  vortices  start  to  coalesce, 
much  like  a  nonreacting  shear  layer  grows  when  vortices  coalesce.12  These  characteristics 
are  shown  in  Figs.  3d,  4a  and  4b. 

A  small  scale  wrinkling  in  the  visible  flame  occurs  at  higher  fuel  flow  rate  which  could 
also  be  interpreted  as  flame  flicker.12  However,  the  mechanism  of  flicker  is  very  different 
from  that  discussed  earlier.  Color  photographs  and  high  speed  movies  of  the  flame  show 
that  small  scale  wrinkles  or  protrusions  of  the  flame  surface,  which  we  will  refer  to  as 
flamelets.  are  the  result  of  localized  collisions  of  the  small-scale  vortices  with  the  flame  sur¬ 
face.  Small,  localized  flamelets  are  evident  on  close  examination  of  Fig.  4b  and  the  lifted 
flame  in  Fig.  4c.  When  a  vortex  (with  a  very  large  radial  velocity  component)  collides  with  the 
flame  surface,  the  flame  can  stretch  to  the  extent  that  It  is  quenched,  presumably  in  the  fash¬ 
ion  predicted  by  Peters  and  Williams,14  and  a  localized  hole  appears  in  the  flame  surface. 
Normally,  if  a  hole  is  formed  high-up  in  the  flame,  the  surrounding  flame  will  reignite  the  un- 
bumed  fuel  in  the  hole.  If  the  hole  Is  formed  near  the  |et  exit  where  the  flame  is  already 
b'flhly  stretched,  the  hole  will  open  up  and  the  flame  will  lift.  The  association  of  the  abrupt 
lif1'ng  of  the  flame  with  the  formation  of  a  localized  hole  was  first  observed  by  Eickholf,  Lenze 
®nd  Leucke15  using  Schlleren  photography.  This  process  was  captured  in  Fig.  4d  where  the 
r'Qht  side  of  the  flame  Is  attached  and  the  left  side  is  lifted  to  a  height  of  about  3  nozzle 
diameters. 


There  are  several  interesting  features  associated  with  the  lifting  process  captured  in 
Fi0  4d.  The  inner  vortices  on  the  attached  side  maintain  their  coherence  for  a  downstream 
distance  of  about  5  diameters;  whereas,  the  inner  structures  on  the  lifted  side  are  washed-out 
by  the  air  entrained  into  the  base  of  the  flame.  This  flame  has  a  Reynolds  number  of  22,600 
tased  on  nozzle  diameter  and  cold  flow  inlet  conditions  and  would  normally  be  considered 
turbulent  in  a  classical  sense.  However,  the  coherence  of  the  inner  vortices  near  the  nozzle 
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exit  raises  a  question  about  whether  It  Us  indeed  turbulent  within  the  first  five  diameters  of  the 
nozzle  exit.  It  is  not  known  whether  the  coherent  structures  are  the  result  of  a  change  in  fuel 
viscosity  due  to  heating  or  whether  they  result  from  an  inviscid  instability  due  to  the 
characteristics  of  the  shear  layer.  This  is  an  important  point  that  needs  additional  study. 

CARS  Temperature  Measurements 

To  ascertain  the  temperature  field  in  a  Jet  diffusion  flame,  a  detailed  series  of  CARS 
temperature  profile  measurements  were  made  on  a  propane  flame  with  an  exit  velocity  of  1 .8 
m/s.  A  view  of  this  flame,  as  obtained  using  the  RMS  technique,  is  shown  in  Fig.  5.  Six  axial 
locations  were  chosen  for  study:  10,  50,  100,  150,  200  and  250  mm  above  the  nozzle  exit. 
Radial  temperature  profiles  were  obtained  at  each  of  these  axial  locations  at  1  to  0.2  mm 
increments,  depending  on  the  flame  characteristics.  Measurements  inside  the  fuel  jet  were 
limited  to  those  areas  where  N2  from  the  surrounding  air  had  penetrated. 

To  aid  in  interpreting  the  single  point  measurements  in  terms  of  the  dynamic  charac¬ 
teristics  of  the  flame,  radial  profiles  of  mean  (plots  right  of  centerline)  and  rms  (left  of 
centertine)  temperatures  are  plotted  to  the  same  spatial  scale  as  the  flame  photograph  in  Fig. 
5.  Probability  density  functions  (pdfs)  can  be  Interpreted  as  the  fraction  of  time  that  the  flame 
spends  in  a  given  temperature  state.  Values  of  pdf's  at  three  axial  locations  are  also  shown 
in  Fig.  5.  At  the  10  mm  location  the  mean  peak  temperature  occurs  at  a  radial  location  of 
about  8  mm.  The  temperature  pdf  at  this  location  is  single  mode  and  Gaussian-iike.  The  low 
rms  values  indicate  that  the  flame  surface  is  relatively  stable  at  this  axial  location.  This  is  also 
supported  by  the  result  that  the  peak  temperature  occurs  just  outside  of  the  visible  flame 
surface.  The  rms  temperature  peaks  well  Inside  the  flame  surface  very  near  the  shear  layer 
of  the  inner  vortices. 

At  an  axial  location  of  100  mm,  the  mean  temperature  peaks  at  a  radial  location  of 
about  10  mm  with  an  inflection  point  occurring  at  a  location  of  20  mm.  The  photograph  of  the 
flame  shows  that  the  visible  flame  surface  expands  outward  at  some  distance  downstream. 
This  bulging  effect  results  from  the  rotation  of  the  outside  vortices  pulling  the  flame  outward. 
It  is  a  dynamic  effect  in  that  the  bulge  moves  upward  at  the  axial  velocity  of  the  flame.  At  a 
stationary  measurement  the  movement  of  the  flame  surface  would  appear  as  a  sinusoidal 
oscillation.  A  temperature  measurement  at  the  20  mm  position  will  depend  on  the  location  of 
the  flame  bulge  at  the  time  the  measurement  is  made.  It  the  flame  surface  Is  at  the  20  mm 
position,  a  high  temperature  will  be  measured.  If  the  flame  surface  is  located  radially  at  10 
mm.  essentially  room  air  with  some  combustion  products  is  present  at  the  20  mm  position 
and  a  low  temperature  will  be  measured.  The  bimodal  shape  of  the  pdf's  at  these  radial 
locations  support  this  description.  The  shape  of  the  mean  temperature  profile  is  determined 
by  the  fraction  of  time  that  the  flame  surface  spends  at  a  given  location.  The  inflection  point. 
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at  the  20  mm  location,  probably  represents  the  maximum  spatial  extent  of  the  flame  at  the 
100  mm  axial  location.  The  rms  profile  reflects  the  dynamic  oscillation  of  the  ftame  surface 
with  one  peak  occurring  where  the  hot  and  cold  modes  are  equally  probable  and  another 
peak  occurring  in  the  inner  shear  layer.  It  should  be  noted  that  if  one  were  making  spectral 
measurements  of  temperature  or  velocity  that  at  least  two  discrete  frequencies  would  result, 
one  associated  with  the  flame  oscillation  and  the  other  associated  with  the  inner  vortex. 

At  the  200  mm  axial  station,  the  direction  of  rotation  of  the  inner  vortices  changes. 
Observation  of  this  effect  was  recently  reported  by  Eickhoff  and  Winandy.16  A  vortex  always 
rotates  from  the  high  to  the  low  velocity  side.  The  inner  structures  rotate  outwards  towards 
the  flame  surface  until  a  height  of  about  175  mm  at  which  point  they  rotate  Inward  toward  the 
centerline.  This  indicates  that  above  175  mm  the  flame  surface  has  been  accelerated  by 
buoyancy  to  the  point  where  it  is  moving  faster  than  the  inner,  cooler  fuel.  This  apparent 
change  in  direction  of  rotation  does  not  have  any  obvious  Impact  on  the  mean,  rms  or  pdf 
temperature  profiles  at  the  200  mm  axial  location.  Indeed,  the  temperature  profiles  appear  to 
be  primarily  determined  by  the  time  weighting  of  the  flame  oscillations  induced  by  the  outside 
vortices. 


Summary  and  Conclusions 

A  systematic  examination  of  jet  diffusion  flames,  from  very  low  velocities  to  lift-off  con¬ 
ditions  using  the  RMS  technique,  shows  the  presence  of  large  toroidal  vortices  outside  the 
visible  flame  surface.  These  vortices  are  believed  to  develop  from  a  Kelvin-Helmholtz  type 
instability  driven  by  buoyancy.  The  vortices  are  responsible  for  flame  flicker  associated  with 
the  separation  of  the  flame  tip  from  the  main  body  of  the  flame  or  oscillations  of  the  flame 
surface.  The  flicker,  resulting  from  the  clipping  of  the  flame  tip,  occurs  when  the  height  of  the 
flame  is  a  little  larger  than  the  height  at  which  the  outer  vortices  are  formed.  The  oscillations 
of  the  flame  surface  occur  in  near  laminar  and  transitional  (lames  with  heights  that  are  ap¬ 
preciably  larger  than  the  formation  height  of  the  vortices.  Flame  flicker  also  results  form  the 
rotation  of  the  outside  vortices  which  creates  a  dynamic  bulging  motion  in  the  flame  surface. 
This  oscillation  of  the  flame  surface  is  responsible  for  the  shapes  of  the  mean,  rms  and  pdf 
temperature  profiles.  Thus,  for  transition  flames,  the  temperature  characteristics  of  the  flame 
ore  determined  to  a  large  extent  by  buoyancy  driven  structures  that  are  outside  the  flame 
surface. 

The  wrinkled,  turbulent  appearance  of  jet  diffusion  flames  is  primarily  determined  by 
small  scale  vortex  structures  formed  inside  the  visible  (lame  surface.  Well  organized  vortex 
structures  are  formed  for  transitional  flow  conditions.  Turbulent  like  characteristics,  involving 
to*  formation  of  small,  unorganized,  3D  vortices  in  the  flame,  starts  at  the  axial  location  just 
downstream  of  where  the  organized  vortex  structures  start  to  coalesce.  The  coalescence 
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starts  high  in  the  flame  for  low  flow  rates  and  moves  toward  the  nozzle  as  the  flow  rate  is  in¬ 
creased.  An  increased  spreading  of  the  flame  is  observed  at  the  axial  location  where  coa¬ 
lescence  occurs.  Thus,  the  growth  in  flame  width  by  coalescence  is  similar  to  the  growth  of 
a  nonreacting  shear.  The  appearance  of  the  ftamelets,  normally  associated  with  turbulence, 
is  a  result  of  collisions  of  smalt  scale  vortices  with  the  flame  surface.  If  the  collision  involves  a 
vortex  with  a  very  high  radial  velocity  component,  the  flame  can  stretch  to  the  point  that  it  is 
quenched  locally  around  the  vortex.  Flame  lift-off  can  occur  when  a  localized  hole,  due  to  the 
collision  process,  is  formed  near  the  lip  of  the  nozzle.  This  is  most  likely  to  occur  at  the  axial 
location  where  the  organized  inner  vortices  start  to  coalesce. 
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Figure  1.  Jet  diffusion  flame  experimental  set-up. 
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Flame  (a)  is  stabilized  on  an  1 1mm  diameter  tube.  A  10mm  diameter  contoured  nozzle  is  used  for  all  other  flames. 
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ABSTRACT 

The  lift-off  conditions  of  diluted  hydrocarbon  jet  diffusion  flames  in  co-flowing  air  are 
experimentally  determined.  The  fuel  gases  are  methane  and  propane.  The  inert  gases  are  helium, 
argon  and  nitrogen.  The  lift-off  velocity  of  the  fuel  jet  decreases  as  the  inert  gas  concentration  is 
increased,  with  argon  exhibiting  the  least  destabilizing  effects  and  helium  the  most . 


INTRODUCTION 

The  burner  stability  has  been  studied  for  a  long  time.  For  example,  Wohl,  et.  al.  (1949) 
studied  the  stability  of  jet  flames  in  open  air  and  identified  different  regimes  concerning  the  flame 
stability.  In  this  paper,  the  lift-off  condition  is  referred  to  as  the  instant  when  the  flame  detaches 
from  the  nozzle  in  a  discontinuous  manner.  After  the  flame  detaches  from  the  burner  rim,  it  may 
stabilize  at  a  downstream  location  (i.e.,  lifted  flame)  or  it  may  result  in  flame-off  conditions  (or  the 
blow-off  condition  defined  by  Wohl,  et  al.). 

Recently,  there  have  been  a  number  of  investigations  to  study  the  burner  stabilities  at 
different  conditions,  e.g.  see  Peters  and  Williams  (1983),  Takahashi,  et  al.  (1984  and  1990), 
Broadwell,  et  al.  (1985),  Gollahalli,  et  al.  (1986),  Dahm  and  Dibble  (1988)  and  Pitts  (1988).  The 
present  investigation  is  similar  to  Takahashi,  et  al.  (1984)  in  that  the  fuel  jet  is  diluted  with  inert 
gases,  but  hydrocarbon  fuels  instead  of  hydrogen  are  considered  in  the  present  study.  In 
Takahashi,  et  al.'s  (1984)  experiments,  the  oxidant  stream  (co-flowing  air)  is  made  of  oxygen  and 
inert  gases  (helium,  argon  and  nitrogen)  but  dry  air  is  used  in  the  present  study. 

EXPERIMENTAL  CONSIDERATION 

The  experiments  are  conducted  with  a  small  vertical  combustion  tunnel  at  the  Air  Force 
Aero  Propulsion  and  Power  Laboratory  of  Wright  Research  and  Development  Center 
(WRDC/APPL).  A  schematic  of  the  experimental  set-up  is  shown  in  Fig.  1.  The  fuel  and  inert 
gas  flows  are  regulated  by  rotameters  (Matheson).  The  dry  annulus  air  (dew  point  at  -40°F)  is 
metered  by  a  mass  flow  meter  (Technology,  Inc.  mass  flowmeter  and  controller,  in  conjunction 
with  an  automated  pneumatic  valve).  The  inert  gas  is  added  only  to  the  fuel  flow.  The  lift-off 
conditions  of  methane  and  propane  diluted  with  three  inert  gases,  nitrogen,  helium,  and  argon,  are 
experimentally  determined.  The  dilution  gas  mass  fraction  varies  from  0  to  85%.  The  pressure 
gage  downstream  of  the  rotameters,  cf.  Fig.  1,  is  used  to  monitor  the  pressure  drop  between  the 
.  otameters  and  the  burner  exit  The  pressure  drop  for  the  conditions  reported  here  is  less  than  0.1 
psig.  The  pressure  gauge  also  serves  as  an  indicator  for  blockage  in  the  fuel  line  or  when  a  choked 
flow  condition  is  reached  in  the  fuel  line.  The  burner  is  positioned  vertically  upward,  at  the  center 
of  the  annulus  that  has  a  diameter  of  250  mm.  The  burner  tip  extends  above  the  annulus  exit  plane 
by  about  25  mm.  A  stainless  steel  honeycomb  mesh  with  2  mm  sections  and  25.4  mm  thickness 
was  placed  perpendicular  to  the  axial  direction,  upstream  of  the  burner  exit  plane.  The  burner 
assembly  was  situated  under  a  forced  draft  exhaust  system  with  window  screens  hanging  from  the 
exhaust  hood.  The  exhaust  system  is  equipped  with  a  fan  rated  at  2000  ft3/min.  and  with  an  18  in. 
(46  cm)  duct 

Two  burner  configurations  are  used,  the  contoured  and  the  tapered  nozzles.  Both  burners 
are  5  mm  in  diameter.  The  burners  are  made  of  long  stainless  steel  tubes,  having  an  outside 
diameter  of  one  inch  and  a  reducing  section  near  the  burner  tip.  The  contoured  nozzle  has  a  sudden 
contraction  near  the  tube  exit  The  contraction  takes  place  over  a  20  mm  axial  length.  The  tapered 
nozzle  has  a  gradually  tapered  section,  at  a  rate  of  1  to  20  radius-to-length  ratio  or  over  a  length  of 
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100  mm,  forming  a  2.9°  angle.  Both  contoured  and  tapered  burners  have  a  sharp  lip,  about  0.3 
mm  in  thickness,  and  both  nozzles  yield  flat  velocity  profiles  at  the  burner  exit. 

It  is  reported  (Dahm  and  Dibble,  1988)  that  the  lift-off  of  jet  diffusion  flames  is  quite 
sensitive  to  the  velocity  of  co-flowing  air.  Three  different  annulus  air  velocities,  i.e.  mean  velocity 
at  0.07, 0.15  or  0.30  m/s,  are  examined  in  the  present  work.  In  the  discussion,  the  three  annulus 
air  flow  conditions  will  be  identified  as  Conditions  A,  B  and  C  for  velocities  0.07, 0.15  and  0.30 
m/s,  respectively;  the  corresponding  Reynolds  numbers  (based  on  annulus  hydraulic  diameter  and 
air  properties  at  25°C)  are  1590,  3180  and  6340.  At  each  co-flowing  air  condition,  the  lift-off 
condition  is  determined  by  increasing  the  inert  gas  flow  while  keeping  the  fuel  flowrate  constant. 

RESULTS  AND  DISCUSSION 

The  lift-off  velocity  of  propane  and  methane  jet  diffusion  flames  decreases  as  the  co¬ 
flowing  air  velocity  is  increased.  The  results  at  three  air  flow  conditions  are  shown  in  Fig.  2.  The 
lift-off  velocity  of  methane  jet  diffusion  flames  is  higher  than  that  of  propane  jet  diffusion  flames, 
in  agreement  with  the  findings  in  the  literature.  It  is  also  noted  that,  similar  to  Dahm  and  Dibble 
(1988),  the  fuel  jet  lift-off  velocity  is  found  very  sensitive  to  variations  in  annular  air  velocity. 

The  burner  geometry  effects  on  lift-off  conditions  are  examined  with  the  two  configurations 
discussed  earlier.  The  lift-off  conditions  of  argon  diluted  methane  jet  diffusion  flames  at  two 
annulus  air  flows  are  summarized  in  ?;  g.  3.  As  shown  in  Fig.  3,  the  lift-off  velocity  decreases 
from  31.4  to  1.0  m/s  as  the  initial  argon  mass  fraction  is  increased  (or  the  fuel  mass  fraction  is 
decreased  from  1.0  to  0.15)  and  that  the  lift-off  velocity  decreases  as  the  annulus  air  velocity  is 
increased  (e.g.  comparing  the  results  at  annulus  Conditions  C  and  A  in  Fig.  3).  It  is  interesting  to 
note  that  at  low  annulus  air  (Cond.  A,  or  0.07  m/s),  the  lift-off  velocities  are  nearly  the  same  for 
the  two  burner  geometries,  but  at  a  higher  annulus  air  flow  (Cond.  C,  or  0.15  m/s),  the  contoured 
burner  has  a  higher  lift-off  velocity  (ranging  from  28  to  1.0  m/s)  than  the  tapered  burner  (ranging 
from  19.5  to  1.0  m/s).  Similar  effects  are  also  observed  for  nitrogen  diluted  methane  jet  diffusion 
flames  but  not  for  helium  diluted  methane  jet  diffusion  flames.  The  observation  suggests  that  at 
higher  co-flowing  air  flows,  the  contoured  nozzle  can  provide  a  better  stabilization  for  jet  diffusion 
flames.  It  is  not  clear  why  the  contoured  nozzle  yields  a  better  stabilization;  however,  it  is 
speculated  that  the  sudden  contraction  near  the  burner  exit  may  act  as  a  bluff-body,  providing  flow 
recirculation  at  a  higher  co-flowing  annulus  air  velocity.  This  effect  is  expected  to  diminish  when  a 
high  inert-gas  concentration  is  added  to  the  fuel  as  the  stoichiometric  mixture  fraction  will  increase 
and  the  stoichiometric  flame  location  will  move  toward  the  center  of  the  jet 

The  effects  of  the  diluents  on  lift-off  conditions  of  methane  jet  diffusion  flames  are 
illustrated  in  Fig.  4..  Only  the  conditions  with  the  tapered  nozzle  and  at  annulus  air  Condition  A 
are  reported  here.  The  three  inert  gases  exhibit  similar  effects  on  lift-off  of  jet  diffusion  flames;  for 
example,  the  lift-off  velocity  decreases  as  the  inert  gas  concentration  is  increased.  Based  on  the 
diluent  mass  fraction,  the  argon  gas  shows  the  least  destabilizing  effects  while  the  helium  gas  the 
most  destabilizing.  It  should  be  mentioned  that  the  dilution  with  helium  yields  a  narrow  range  of 
lifted  flames  in  terms  of  initial  diluent  mass  fraction;  for  example,  the  initial  helium  mass  fraction  is 
limited  to  0  to  15%.  At  a  higher  helium  concentration,  the  lift-off  of  the  flame  from  the  burner 
results  in  a  blow-off  condition.  A  similar  trend  is  also  observed  for  propane  jet  diffusion  flames 
shown  in  Fig.  5.  Figure  5  also  displays  the  difference  in  lift-off  velocities  between  propane  and 
methane  at  comparable  conditions.  Methane  consistently  has  a  higher  lift-off  velocity  at  the  same 
diluent  concentration  for  each  inert  gas  examined.  As  the  diluent  gas  concentration  increases,  the 
difference  (magnitude)  in  the  lift-off  velocity  of  two  fuels  decreases.  It  is  noted  that  Takahashi,  et 
al.  (1984)  show  that  the  helium  gas  is  the  least  destabilizing  additive  in  hydrogen  jet  diffusion 
flames.  The  present  study  shows  that  helium  is  the  most  destabilizing  additive  for  propane  and 
methane  jet  diffusion  flames  studied.  As  stated  earlier  Takahashi,  et  al.  employed  oxygen  and  inert 
gas  mixtures  as  the  co-flowing  oxidant  stream  while  dry  air  is  used  in  the  present  study.  The 
difference  in  the  destabilizing  effects  of  helium  may  result  from  the  difference  in  oxidant  streams, 
not  necessarily  an  indication  of  fundamental  differences  between  hydrogen  jet  diffusion  flames  and 
methane  and  propane  jet  diffusion  flames. 
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SUMMARY 

Annular  air  flow  conditions  are  found  to  affect  the  lift-off  velocity  significantly  for  the 
conditions  examined,  in  agreement  with  Dahm  and  Dibble  (1988).  The  burner  geometries  are 
shown  to  have  some  effects  on  the  lift-off  conditions.  For  example,  at  annulus  air  flo'v  of  0.1 5 
m/,  a  contoured  nozzle  is  shown  to  have  a  better  stabilization  than  a  long  tapered  one.  It  should  be 
noted  that  both  burners  have  similar  diameters  (5  mm)  and  similar  thin  lips  at  the  burner  exit  and 
that  both  burners  yield  flat  velocity  profiles. 

Adding  the  diluent  gas  to  fuel  jets  results  in  a  decrease  in  the  lift-off  velocity.  Among  the 
three  inert  gases  used  in  the  experiments,  helium  is  found  the  most  destabilizing  while  argon  is  the 
least.  The  comparison  is  based  on  the  inert-gas  mass  fraction  in  fuel  steams.  This  observation  is 
different  from  that  reported  by  Takahashi,  et  al.  (1984)  for  hydrogen  jet  diffusion  flames  in  which 
helium  is  found  the  least  destabilizing  among  the  three  inert  gases  they  studied  (helium,  nitrogen 
and  argon).  It  should  be  noted  that  different  oxidant  streams  (inert  gas-oxygen)  are  employed  by 
Takahashi,  et  al.  while  dry  room  air  is  used  in  die  present  work. 

Presendy,  work  is  in  progress  aimed  at  a  better  understanding  of  the  lift-off  of  hydrocarbon 
jet  diffusion  flames  due  to  inert  gases  in  the  fuel.  The  results  up-to-date  suggest  that  the  variation 
in  thermochemical  properties  (e.g.,  adiabatic  flame  temperature,  thermal  difftisivity,  and  OH  and  H 
equilibrium  concentration)  alone  can  not  explain  the  decrease  of  lift-off  velocities  we  observed. 
The  classical  theory  of  lifted  flame  stabilization  due  to  Vanquickenbome  and  van  Tiggelen  (1966) 
and  that  of  Peters  and  Williams  (1983)  on  extinction  of  laminar  flamelets,  as  well  as  rece  it  works 
in  this  area  (e.g.  see  the  INTRODUCTION  section),  are  being  revisited  for  further  analysis. 
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Figure  1.  Schematic  of  Experimental  Set-Up. 
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Figure  2.  Lift-Off  Conditions  of  CH4  and  C3H8  Jet  Diffusion  Flames 
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Figure  4.  Diluent  Gas  Effects  on  CH4  Jet  Diffusion  Flames 
(Tapered  Nozzle  and  Cond.  A) 
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Figure  5.  Diluent  Gas  Effects  on  CH4  and  C3H8  Jet  Diffusion  Flames 
(Tapered  Nozzle  and  Cond.  A) 
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INTRODUCTION 

Various  visualization  techniques  are  available  for  fluid 
mechanics  and  heat  transfer  studies,  for  example,  see  the  reviews  by 
Merzkirch  (1986),  Gad-el-Hak  (1988)  and  Hanson  (1988).  In  this 
paper,  an  old  technique,  Mie  scattering  of  particles,  is  employed,  in 
conjunction  with  a  reactive  scheme  to  form  Mie  scattering  particles 
in  the  flow.  The  reactive  scheme  involves  adding  titanium 
tetrachloride  (TiCU)  vapor  to  the  flow.  In  jet  diffusion  flames,  the 
TiCU  vapor  reacts  with  the  combustion  product  water  vapor  (H2O) 
to  form  titanium  dioxide  (T1O2)  particles  and  in  non-combusting 
jets,  it  reacts  with  the  H2O  in  coflowing  annular  air.  The  reaction 
follows  the  stoichiometry: 

TiCU  +  2H20-»Ti02  +  4Ha  (1) 

The  chemical  reaction  between  TiCU  and  H20  is  spontaneous  and 
occurs  near-instantaneously  and  near-iso  thermally  to  form  micron- 
size  (0.7  to  5  pm)  TiOj  particles  (e.g.  see  Freymuth  et  al.,  1985  and 
Roquemore  et  al.,  1984  and  1986).  The  particles  can  be  visualized 
by  Mie  scattering  from  a  sheet  of  laser  light,  providing  a  2-D  (two- 
dimensional)  view  of  the  flow.  The  TiCU  visualization  scheme  is 
similar  to  that  employed  by  Sherikar  and  Chevray  (1981)  in  which 
NH4CI  aerosol  particles  are  formed  in  a  planar  mixing  layer  due  to 
chemical  reactions  between  NH3  and  HC1.  In  the  discussion,  the 
term  RMS  (reactive  Mie  scattering)  will  be  used  for  the  2-D  TiCU 
visualization.  The  objective  of  this  paper  is  to  illustrate  the 
utilization  of  the  RMS  technique  in  visualizing  cold  jets  and  jet 
diffusion  flames. 

The  use  of  TiCU  for  flow  (non-combusting)  visualization 
can  be  dated  back  as  early  as  1931  due  to  Simmons  and  Dewey  as 
discussed  by  Freymuth  (1985).  It  is  only  recently  the  technique 
being  employed  for  jet  diffusion  flame  visualization  (Roquemore  et 
al.,  1984).  The  RMS  technique  is  relatively  simple,  inexpensive 
and  easy  to  implement.  Physical  properties  of  TiU4  are  available, 
e.g.,  see  Barin  and  Hnacke  (1973).  The  safety  aspects  of  handling 
TiCU  is  discussed  by  Freymuth  (1985)  and  Roquemore,  et  al. 
(1984).  The  potential  effects  of  TiCU  on  flame  stoichiometry  and 
temperatures  of  methane,  propane  and  ethylene  diffusion  flames  are 
discussed  by  Chen,  et  al.  (1988). 

EXPERIMENTAL  METHODS 

The  experiments  reported  here  are  conducted  with  a  small 
vertical  combustion  tunnel  at  the  Air  Force  Aero  Propulsion  and 
Power  Laboratory,  Wright  Research  and  Development  Center 
(WRDOAPPL).  The  test  facility  was  essentially  the  same  as  that 
reported  by  Roquemore,  et  al.  (1984  and  1986)  and  Chen  and 
Roquemore  (1986).  The  small  vertical  combustion  tunnel  is  a 


concentric  jet  assembly  in  which  an  interchangeable  jet  nozzle  is 
located  at  the  center  of  a  coaxial  annular  flow.  The  annular  flow  is 
designed  with  a  divergent  section  and  a  flow  straightener 
(honeycomb  and  fine  mesh  screens),  providing  uniform  and  low 
turbulence  flows  surrounding  the  central  jet  (Roquemore  et  al., 
1984).  The  annulus  air  flow  is  maintained  at  0.15  m/s  for  the 
conditions  repented  here.  The  central  jet  nozzle  can  be  interchanged 
with  different  geometries.  A  contracted  nozzle  (sudden  contraction 
near  the  nozzle  exit)  with  an  inside  diameter  (d„)  of  10  mm  and  a 
long  tube  (about  450  mm  in  length)  with  dp  =  11  mm  are  used  in  the 
experiments  reported  here.  All  the  nozzles  have  sharp  lips  at  the 
exits. 

To  form  Mie  scattering  panicles,  TiCU  vapor  is  only  added 
to  the  central  jet  (or  the  fuel  jet)  by  passing  the  fuel  flow  through  a 
TiCU  feeder.  For  cold  jets,  the  annulus  air  is  humidified  by  flowing 
dry  air  (dew  point  at  -40°F)  through  a  water  feeder/container.  For 
jet  diffusion  flames,  dry  air  (dew  point  at  -40°F)  passing  a  TiCU 
feeder  is  used  for  the  annulus  flow.  The  amount  of  TiCU  vapor 
added  to  the  flow  is  not  known  but  it  is  limited  by  the  vapor 
pressure  of  1.38  kPa  at  298  K  (e.g.,  see  Barin  and  Hnacke,  1973). 

The  optical  arrangement  is  similar  to  that  employed  by  Chen 
and  Roquemore  (1986).  The  second  harmonic  output  (532  nm)  of  a 
Nd:YAG  laser  (Quanta  Ray  Model  DCR-3)  is  used  as  the  light 
source.  Simple  optics  (minors,  condensing  and  cylindrical  lenses) 
are  used  to  to  form  a  thin  laser  sheet  with  a  visual  thickness  of 
around  1  mm.  The  laser  sheet  is  positioned  vertically  through  the 
center  of  the  fuel  jet  The  Mie  scattering  from  T1O2  panicles  is 
recorded  by  a  still  camera  (Hasselblad  50  mm  camera,  ASA  400 
color  films)  positioned  at  a  right  angle  from  the  laser  sheet.  The 
camera  shutter  speed  is  set  at  2  ms  with  an  f  number  in  the  range  5.6 
to  11,  depending  on  the  flame  luminosity.  The  flame  image 
recorded  by  the  photographs  is,  therefore,  a  2-D  projection  of  the  3- 
D  luminous  surfaces  during  the  time  the  aperture  is  open.  At  the 
same  time,  the  laser  is  electronically  triggered  by  the  camera  (via  the 
camera  flash  output)  for  single-shots,  yielding  an  effective  shutter 
speed  of  10  ns  (laser  pulse  duration)  for  the  RMS  visualization. 

RESULTS  AND  DISCUSSION 

As  discussed  earlier,  the  salient  feature  of  the  RMS  scheme 
is  that  Mie  scattering  particles  are  formed  due  to  the  reaction  of  T1CI4 
and  H20.  The  panicles  thus  mark  the  reacting  interface 
representative  of  certain  mixing  conditions  that  are  dictated  by  the 
stoichiometry  of  the  TiCU  and  H2O  reaction,  and  the  initial 
concentrations  of  TiCU  and  H20  in  each  stream  of  the  flow.  Since 
the  diffusion  of  particles  in  the  flow  is  less  effective  than  that  of  a 
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gas  species,  the  RMS  images  thus  highlights  the  convective  aspect 
of  the  flow,  not  necessarily  the  combined  convective  (large 
structure)  and  molecular  mixing  of  the  flow.  This  is  similar  to  the 
reactive  scheme  employed  for  liquid-flow  visualization  when  a  large 
Sc,..uid.  ..amber  is  encGuiuCt**!  (I'aochesfahuni  and  Dimotakis, 
1985).  As  a  result,  the  convective  aspect  of  vortical  structures  are 
emphasized  with  the  RMS  technique  while  seeding  the  flow  with 
pre-forrned  particles  can  only  mark  the  boundary  of  the  mixing 
(Chen  and  Roqucmore,  1986).  To  illustrate  the  utilization  of  the 
RMS  technique,  we  compare  the  visualization  of  cold  jets  and  jet 
diffusion  flames  in  this  paper. 

The  near-filed  (x/dp  »  10,  where  x  is  the  axial  distance  above 
the  nozzle  exit)  visualization  of  propane  cold  jets  and  jet  diffusion 
tlames  using  a  10  mm  contoured  nozzle  at  transitional  and  turbulent 
Reynolds  numbers  are  shown  in  Figs.  1  and  2,  respectively.  The 
Reynolds  numbers  (Re)  are  based  on  the  volumetric  mean  velocity  at 
the  nozzle  exit,  nozzle  diameter  and  nozzle  fluid  kinematic  viscosity 
at  298. 1 5  K.  The  propane  jets  shown  in  Fig.  1  are  at  Re  =  3988 
(cold  jet  at  left  and  jet  diffusion  flame  at  right).  The  non-combusting 
propane  jet  shown  in  Fig.  2  is  at  Re  =  21270  and  propane  jet 
diffusion  flame  is  at  Re  =  22600.  The  propane  jets  from  an  1 1  mm 
tube  nozzle  at  Re  similar  to  those  of  Figs.  1  and  2  are  shown  in 
Figs.  3  and  4.  The  cold  jet  in  Fig.  3  has  a  Re  =  3626  and  the  jet 
diffusion  flame  has  a  Re  =  3988  while  those  for  Fig.  4  are  at  Re  = 
19340  and  20550,  respectively.  As  stated  earlier,  TiCU  vapor  is 
added  to  the  fuel  jet  and  to  the  coflowring  air  for  jet  diffusion  flame 
visualization.  The  TiC>2  particles  thus  mark  two  regimes  of  the 
flow,  one  between  the  fuel  jet  and  the  flame  (or  the  inner  mixing 
zone  )  and  the  other  between  the  coflowing  annular  air  and  the  flame 
(or  the  outer  mixing  zone).  The  inner  zone  is  marked  by  panicles 
formed  due  to  chemical  reactions  of  TiCU  vapor  in  the  fuel  and  H^O 
vapor  from  the  flame.  The  outer  zone  is  marked  by  particles  formed 
resuiting  from  the  chemical  reaction  of  TiCU  vapor  in  the  annular  air 
and  die  combustion  product  H2O.  The  two  mixing  regimes  are  best 
seen  at  low  Reynolds  numbers  (e.g..  Re  *  3988).  For  example, 
small  roll-up  vortices  (or  the  inner  structure)  appear  inside  the 
luminous  flame  and  large  toroidal  vortices  (or  the  outer  structure) 
appeared  outside  the  luminous  flame,  e.  g.,  see  Figs.  1  and  3.  The 
inner  vortices  are  due  to  Kelvin-Helmholtz  instabilities  in  jet  shear 
layer,  similar  to  the  cold  jets  shown  in  the  same  figure.  The  inner 
vortices  are  responsible  for  forming  the  laminar  flamelets  (e.g.  flame 
brush)  in  turbulent  jet  diffusion  flames  at  high  Reynolds  numbers  as 
shown  in  Figs.  2  and  4,  or  see  Roquemore.  et  al.  (1989).  The  outer 
\  ortices  that  appear  in  the  upper  portion  of  the  photographs  are  due 
to  buoyancy  induced  Kelvin-Helmholtz  instabilities  outside  the 
luminous  flame,  e.g.  see  Buckmaster  and  Ferters  (1986)  and  Davis, 
ct  ai  ( 1990).  The  buoyancy  driven  vortices  are  responsible  for  low 
frequency  flame  oscillations  (or  flickers)  in  buoyant  jet  diffusion 
flames.  A  better  visualization  of  these  vortices  can  be  found  in 
Chen,  et  al.  (1988)  and  Roquemore,  et  al.  (1989). 

Tlie  RMS  visualization  of  the  cold  jets  is  essentially  a 
representation  of  isothermal  reactive  flows  in  which  condensed 
phase  products  (TiCh  particles)  are  formed  due  to  the  chemical 
reaction  between  TiCU  and  H2O.  The  reaction  to  form  Ti02 
particles  is  spontaneous  and  occurs  nearly  instantaneously.  The 
process  is  diffusion  controlled,  i.e.  the  chemical  reaction  rate  is 
much  faster  than  the  mixing  rate  between  initially  separated 
reactants,  similar  to  diffusion  flames.  The  flow  structures, 
however,  are  quite  different  in  the  nearfield  shown  in  Figs.  1-4. 

At  transitional  Reynolds  numbers,  the  sharp  velocity 
gradient  and  the  thin  shear  layer  in  the  cold  jet  from  a  contoured 
nozzle  arc  expected  to  yield  well  defined  2-D  like  roll-up  vortices  in 
the  near-nozzle  regime  (i.e.,  x/do  <  4  in  our  visualization)  of  the 
cold  jet  shown  in  Fig.  1,  while  less  visually  organized  vortical 
structures  are  observed  for  the  cold  jet  from  a  long  tube  exit  shown 
in  Fig.  3,  in  which  a  fully  developed  velocity  profile  is  expected  at 
the  nozzle  exit  Comparing  Figs.  1  and  3,  it  seems  that  the  jet  shear 
layer  instability  has  some  effects  on  the  inner  structures  of  jet 
diffusion  flames.  For  example,  2-D  roll-up  vortices  with  spatial  and 
temporal  periodicity  are  seen  inside  the  luminous  flame  when  the 
contoured  nozzle  is  used,  e.g.  see  Fig.  1,  and  less  organized  flow 
structures  are  observed  when  a  long  tube  is  used,  cf.  Fig.  3.  The 


difference  in  flow  structures  between  the  cold  jet  and  a  jet  diffusion 
flame  using  the  same  nozzle  is  also  evident.  The  roll-up  vortices 
inside  a  jet  diffusion  flame  do  not  grow  exponentially  as  expected 
from  a  linear  stability  analysis  but  rather  they  remain  similar  in  size. 
The  transition  of  2-D  to  I  D  like  structures  is  not  seen  in  jet 
diffusion  flames  downstream  of  the  locations  where  pairing  of  inner 
vortices  is  seen,  while  the  transition  to  3-D  motion  within  the 
vortices  is  seen  for  cold  jets  downstream  of  the  pairing  locations  (cf. 
Fig.  1).  In  fact,  the  inner  vortices  of  the  propane  jet  diffusion  flame 
shown  in  Fig.  1  change  the  rotational  direction  at  downstream 
locations  not  shown  in  Fig.  1,  e.g.  see  Fig.  5  of  Roquemore,  et  al. 
(1989)-  implying  the  change  of  vorticity  from  negative  to  positive 
for  the  flow  field  inside  the  luminous  flame.  The  change  in  the  sign 
of  the  vorticity  is  a  result  of  the  vorticity  destruction  in  hydrocarbon 
jet  diffusion  flames.  Indeed,  employing  a  simple  analysis,  we 
conclude  that  both  baroclinic  and  volumetric  expansion  terms  in  the 
vorticity  transport  are  against  the  initial  shear  layer  vorticity  direction 
(Chen  et  al.,  1990).  It  is  also  noted  that  the  width  of  the  luminous 
flame  and  the  spread  of  the  inner  vortices  in  jet  diffusion  flames 
shown  in  Fig.s  1  and  3  are  narrower  that  those  of  the  cold  jets  at 
comparable  nozzle  exit  Reynolds  number;  however,  in  nearfield 
shown  here,  the  width  of  the  outer  boundary  of  jet  diffusion  flames 
seems  wider  than  the  cold  jet. 

The  jet  diffusion  flames  shown  in  Figs.  2  and  4  are  near- 
lifted  and  lifted  diffusion  flames,  respectively.  At  near-lift,  the 
flame  stabilization  is  very  sensitive  to  the  initial  (or  boundary) 
conditions  of  the  fuel  jet  and  the  coflowing  annulus  air.  At  low  jet 
velocities,  the  flame  stabilizes  near  the  burner  exit  (e.g.  see  Figs.  1 
and  3);  whereas  at  high  jet  velocities,  the  flame  may  lift  from  the 
burner  and  then  stabilizes  at  locations  in  the  jet  shear  layer 
downstream  of  the  burner.  As  an  example.  Fig.  2  shows  that  one 
side  of  the  flame  lifted  from  the  burner  rim  and  the  other  side  of  the 
flame  anchored  near  the  burner.  It  can  be  seen  from  Fig.  2  that  TiCh 
particles  are  not  formed  below  where  the  flame  stabilizes-  an 
indication  of  no  H2O  vapor  in  the  flow  which  is  a  consequence  of 
no  H2O  vapor  in  the  flow  (recall  that  dry  air  is  used  for  the  annulus 
flow  and  no  combustion  flame  upstream  of  the  stabilization 
location).  It  is  noted  that  fine  flow  structures  are  observed 
immediately  downstream  of  the  flame  at  the  lifted  side.  At  the 
attached  flame  side,  roll  up  vortices  are  seen  within  one  diameter 
downstream  of  the  burner.  The  roll-up  vortices  grow  nonlineariy  in 
space  and  form  large  visually  "coherent"  structures.  The  large  inner 
vortices  are  seen  to  penetrate  the  luminous  flame  to  form  “flamclet" 
like  structures.  It  is  also  observed  that  beyond  the  end  of  the 
potential  core  (say  xAi^  >  8)  the  flow  structures  are  not  visually 
discernible  regarding  where  the  vortices  arc  originated.  Figure  4 
shows  the  RMS  and  luminous  flame  images  of  a  lifted  jet  diffusion 
flame  from  a  long  tube  and  the  cold  jet  at  a  similar  burner  exit 
Reynolds  number.  As  stated  earlier,  humidified  annulus  air  is  used 
for  the  visualization  of  lifted  flames;  T1O2  particles  arc  formed  below 
the  lifted  flame  as  a  result  of  the  mixing  between  the  fuel  jet  and  the 
annulus  air.  The  flow  structures  are  qualitatively  similar  between 
the  cold  jet  and  jet  diffusion  flames  shown  in  Fig.  4. 

As  discussed  in  this  short  paper,  the  RMS  technique 
provides  useful  inside  on  the  flow  structures  of  jets  and  jet  diffusion 
flames.  The  technique  can  be  applied  to  other  gaseous  flows 
involving  the  mixing  of  two  streams  of  fluids;  for  example,  ducted 
jets  and  mixing  layers.  The  use  of  a  pulsed  laser  as  light  source  is 
desired  but  not  a  requirement.  One  may  use  a  strobe  light  for 
visualization  of  the  instantaneous  flow  structure  and  a  continuous 
lamp  for  visualization  of  low  velocity  flows.  In  addition,  the  optical 
arrangement  is  not  crucial  for  qualitative  visualization.  In  the  past, 
we  have  used  a  6  mm  glass  rod  (1/4  in.),  and  alike,  to  yield 
adequate  visualizations  of  jet  diffusion  flames.  At  the  present,  the 
RMS  technique,  in  conjunction  with  a  phase-lock  technique  (e.g., 
see  the  paper  by  Vilimpoc,  et  al.  to  be  presented  at  this  Forum)  is 
applied  to  study  nearly  periodic  buoyant  jet  diffusion  flames.  The 
RMS  technique  is  a  useful  tool  for  us  to  study  jet  diffusion  flames. 
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Fig.  1.  Propane  Jet  and  Jet  Diffusion  Flame  (Re  =  3988);  10  mm 
Nozzle. 


COLD  JET  DIFFUSION  FLAME 


H.’s  21770  R*s22oCa 


Fig.  2.  Propane  Jet  (Re  =  21270)  and  Jet  Diffusion  Flame  (Re 
22600);  10  mm  Nozzle. 
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Fig.  3.  Propane  Jet  (Re  =  3626)  and  Jet  Diffusion  Flame  (Re 
3988);  11  mm  Tube. 


R«  =  19340  R*  “  20550 


Fig.  4.  Propane  Jet  (Re  =  19340)  and  Jet  Diffusion  Flame  (Re 
20550);  10  mm  Nozzle. 
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2.2  NUMERICAL-EXPERIMENTAL  STUDIES  OF 
HYDROCARBON  JET  DIFFUSION  FLAME 


This  study  represents  the  initial  efforts  on  a  joint  numerical/experimental  investigation 
of  the  structure  of  a  propane-nitrogen  jet  diffusion  flame.  The  nature  of  the  unsteady 
interactions  between  the  flame  and  vortex  motions,  which  are  crucial  in  attempts  to 
understand  buoyant  jet  flames,  was  examined.  Numerical  solutions  of  the  time- 
dependent  Navier-Stokes  equations  with  a  laminar  flame  sheet  model  were  obtained 
by  R.W.  Davis  and  E.  F.  Moore  at  the  National  Institute  of  Standards  and  Technology. 
Experimental  visualizations  of  the  flame  were  obtained  and  compared  with  their  calcu¬ 
lations.  This  comparison  is  discussed  in  three  papers,  the  first  of  which  is  entitled. 
"Numerical/Experimental  Study  of  the  Dynamic  Structure  of  a  Buoyant  Jet  Diffusion 
Flame,"  and  was  presented  at  the  1989  Spring  Technical  Meeting  of  the  Central 
States  Section  of  the  Combustion  Institute  {see  p.  45).  The  second  paper  entitled,  "A 
Numerical-Experimental  Investigation  of  the  Dynamic  Structure  of  A  Buoyant  Jet  Dif¬ 
fusion  Flame,"  was  presented  at  1989  AlChE  Conference  on  Combustion  and  Reac¬ 
tion  Engineering  I:  Numerical  Methods  (see  p.  51).  The  third  paper  which  deals  with 
the  numerical-experimental  comparison  is  entitled,  "Preliminary  Results  of  Numeri¬ 
cal/Experimental  Study  of  the  Structure  of  a  Buoyant  Jet  Diffusion  Flame,"  and  has 
been  accepted  for  publication  in  Combustion  and  Flame  (see  p.  58). 
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ABSTRACT 

This  paper  describes  the  initial  results  of  a  joint  numerical/experimental  investigation  of  the 
structure  of  a  10  cm/s,  50/50  mixture  by  mass  of  propane  and  nitrogen,  stabilized  on  a  22.5  mm 
diameter  tube.  The  nature  of  the  unsteady  interactions  between  the  flame  and  the  vortex  motions, 
which  are  crucial  in  any  attempt  to  understand  buoyant  jet  flames,  is  examined.  Numerical 
solutions  of  the  time  dependent  Navier-Stokes  equations  with  a  laminar  flame  sheet  model  are 
visualized  by  means  of  passive  marker  particles.  The  numerical  results  show  counterrotating  vortex 
structures  internal  and  external  to  the  flame  surface  which  interact  and  move  downstream  along 
with  flame  sheet  bulges.  The  bulges  are  believed  to  account  for  one  type  of  flame  flicker.  Another 
type  of  flicker  in  which  the  outer  vortices  periodically  cut  die  tip  of  the  flame  is  also  predicted.  The 
predicted  flicker  frequency  of  1 1  to  15  Hz  is  the  same  as  that  measured  experimentall".  When  the 
gravitational  acceleration  is  set  to  zero  in  the  computation,  the  outer  structures  disappear  and  the 
flame  no  longer  flickers  (has  bulges).  The  structures  bear  close  resemblance  to  those  observed 
experimentally  using  the  Reactive  Mie  Scattering  (RMS)  laser  sheet-lighting  technique.  SiC 
filaments  are  used  to  measure  the  nearly  instantaneous  radial  profiles  of  temperature  at  five  axial 
locations  in  the  flame.  The  experimental  and  numerical  results  are  compared  near  two  .of  these 
locations. 

INTRODUCTION 

The  investigation  into  the  dynamic  structure  of  jet  diffusion  flames  has  become  an  im¬ 
portant  area  of  research  within  the  last  decade  [1-4].  This  is  because,  although  geometrically 
simple,  these  flames  exhibit  many  features  which  are  generic  to  complex  combusting  flows.  In 
particular,  the  interactions  between  flame  surfaces  and  vortex  motions  form  a  crucial  part  of  the 
underlying  physics  associated  with  low  frequency  flame  instabilities  which  often  show  up  as  flame 
flicker.  The  connection  of  flame  flicker  with  vortices  formed  outside  the  flame  surface  has  become 
dramatically  apparent  through  the  recent  use  of  laser  sheet-lighting  techniques  to  visualize  the 
structure  of  jet  diffusion  flames  [3,5].  It  is  now  clear  that  no  attempt  to  understand  the  dynamics 
of  buoyant  jet  diffusion  flames  can  succeed  without  accounting  for  these  vortex  structures.  Thus, 
any  numerical  model  which  is  developed  to  investigate  the  basic  physical  processes  occurring  in  jet 
diffusion  flames  with  large  vortices  outside  the  flame  surface  must  incorporate  both  unsteadiness 
and  buoyancy. 

To  address  the  many  questions  regarding  buoyant  jet  diffusion  flame  structure  and  flame 
flicker,  a  joint  numerical/experimental  investigation  is  being  performed.  The  dual  character  of  this 
research  (both  experimental  and  numerical)  is  intended  to  provide  maximum  insight  into  the 
problem.  It  will  be  seen  that  the  structural  features  observed  by  both  investigative  techniques  are 
very  similar,  with  buoyancy  effects  playing  a  dominant  role  in  vortex  development. 
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NUMERICAL  MODEL 


Several  previous  numerical  models  for  axisymmetric  jet  diffusion  flames  have  been 
developed  [6-10].  However,  these  have  all  been  for  the  steady  case  and,  thus,  exclude  vortex 
motions.  Simulations  of  spatially  developing  axisymmetric  and  two  dimensional  mixing  layers, 
which  do  account  for  vortex  dynamics,  have  been  reported,  but  are  for  nonreacting  flows  [11-13]. 
In  addition,  temporally-developing  mixing  layers  with  chemical  heat  release  have  been 
computationally  investigated  [14-16].  The  heat  release  has  been  shown  to  substantially  alter  the 
vortex  behavior  due  to  vorticity  generation  via  volumetric  expansion  and  baroclinicity.  It  is 
reasonable  to  expect  similar  dramatic  changes  due  to  heat  release  in  the  spatially-developing  case 
(i.e..  jet  diffusion  flame). 

The  numerical  model  being  developed  here  is  unsteady,  axisymmetric  and  fully  elliptic. 
The  finite  difference  numerical  scheme  being  utilized  is  basically  the  same  as  was  employed  in  a 
prior  study  of  vortex  dynamics  in  nonreacting  incompressible  coflowing  jets  [11],  where  its 
performance  was  deemed  highly  satisfactory  This  scheme  was  modified  for  the  present  case 
through  the  inclusion  of  variable  transport  properties  and  thermal  compressibility.  No  turbulence 
model  is  employed.  A  flame  sheet  approximation  along  with  conserved  variables  for  species 
concentrations  and  enthalpy  are  employed,  thus  assuming  a  unity  Lewis  number.  Buoyancy  and 
variable  thermophysical  properties  (e.g.,  viscosity,  specific  heat,  mass  diffusion  coefficient)  are 
accounted  for.  A  simulation  is  carried  out  by  first  generating  a  steady  flame  solution  by  means  of  a 
false-transient  marching  procedure  [10].  This  solution  provides  the  initial  field  for  the  time 
accurate  unsteady  flame  code  under  discussion  here.  After  a  while,  the  flow  field  enters  into  a 
quasi-periodic  state  (11-15  Hz).  The  large  scale  structures  which  appear  and  interact  will  be 
discussed  subsequently. 

EXPERIMENTAL 

The  experimental  set-up  is  shown  in  Fig.  1.  The  central  jet  has  c  22.5  mm  diameter  and  is 
surrounded  by  an  annular  jet  with  a  254  mm  diameter.  The  velocities  of  the  central  and  annular  jets 
are  10  and  15  cm/s,  respectively.  This  low  velocity  flame  is  very  susceptible  to  room  air 
disturbances.  Screens  placed  around  the  burner  did  a  reasonably  good  job  of  shielding  the  flame 
from  outside  disturbances;  however,  some  asymmetry  in  the  flame  is  noted.  The  fuel  for  the 
central  jet  is  a  50/50  mixture  by  mass  of  propane  and  nitrogen. 

The  Reactive  Mie  Scattering  (RMS)  technique  [5]  is  used  to  visualize  the  mixing  of  the  fuel 
and  products  inside  the  flame  surface  and  the  air  and  products  outside  the  flame  surface.  This 
technique  involves  seeding  the  dry  fuel  and  air  with  TiCl4  vapor.  Regions  where  the  water 
product  mix  with  the  TiCl4  in  the  fuel  and  air  are  marked  by  the  formation  of  micron-sized  TiCLj 
particles.  These  particles  are  visualized  by  Mie  scattering  observed  at  right  angles  to  a  sheet  of 
laser  light.  Instantaneous  radial  temperature  profiles  are  measured  using  blackbody  radiation  from 
five,  15  p  diameter  silicon  carbide  filaments  (Thin  Filament  Pyrometry).  The  blackbody  radiation 
from  all  five  filaments  was  recorded  instantaneously  using  a  CCD  diode  array  camera.  Soot 
emissions  are  subtracted  from  the  image.  Only  temperatures  greater  than  1200  K  can  be  measured 
by  this  detector.  The  details  of  this  technique  are  described  elsewhere  [17]. 

RESULTS  AND  DISCUSSION 

Fig.  2  shows  both  a  visualization  of  the  computed  flame  and  an  experimental  view  as 
obtained  by  the  RMS  technique.  Both  the  theoretical  and  experimental  visualization  techniques 
provide  a  streak-line  representation  (snapshot)  of  the  flow  field  at  one  instant  of  time.  The  flame  is 
not  forced  either  experimentally  or  computationally.  The  phase  of  the  time  evolving  theoretical  and 
experimental  flames  is  approximately  matched  by  comparing  computed  and  experimental  snapshots 
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of  the  flame  surface  made  at  different  times.  Specifically,  the  comparison  is  made  by  overlaying 
properly  sized  transparencies  of  the  computed  flames  ih  the  (nondimensional)  time  sequence  in 
Fig.  3  on  top  of  24  randomly  taken  photographs  of  the  flame.  One  of  the  best  matches  is  shown  in 
mg.  A.  Both  Figs.  2  and  3  illuminate  the  computational  flow  fields  via  passive  marker  panicles, 
with  the  solid  squares  representing  the  flame  sheet.  It  is  evident  from  these  figures  that  the 
computation  has  captured  the  important  dynamic  features  of  the  experimentally  observed  flame 
shown  in  Fig.  2.  Experimentally,  the  shape  of  the  sooting  surface,  which  is  a  few  millimeters  on 
the  rich  side  of  the  flame  surface,  is  believed  to  be  a  good  representation  of  the  shape  of  the  high 
temperature  flame  surface.  The  shape  of  the  computed  laminar  flame  surface  is  very  similar  to  that 
of  the  observed  sooting  surface.  The  shapes  of  the  large  vortex  structures  outside  the  flame 
surface  are  also  very  well  reproduced.  Even  the  counter-rotating  vortices  located  in  the  flame  bulge 
are  predicted.  Another  interesting  feature  of  the  experimental  flame  is  the  location  of  a  stationary 
recirculation  zone  in  the  potential  core  of  the  jet  flame  [5].  This  recirculation  exists  because  of 
negative  buoyancy  effects,  i.e.,  propane  is  denser  than  air.  The  computation  also  predicts  this 
stationary  recirculation  zone.  Thus,  the  model  is  seen  to  predict  the  major  qualitative  features  of 
this  rather  complex  flame. 

The  height  of  the  stationary  recirculation  zone  and  the  height  where  the  inner  and  outer 
vortices  are  first  formed  are  significantly  lower  in  the  predictions  than  experimentally  observed. 
This  is  not  as  apparent  in  Fig.  2  as  it  was  when  the  24  randomly  taken  photographs  of  the  flame 
were  compared  to  the  computed  flame  streaklines.  The  effects  of  the  buoyancy  are  somewhat 
overpredicted  by  the  model  and  may  lead  to  faster  development  of  the  vortex  structures.  The 
overprediction  of  buoyancy  presumably  occurs  because  the  flame  sheet  model  does  not  account  for 
all  the  heat  losses  in  the  flame. 

The  large  vortex  structures  outside  the  flame  surface  have  been  known  for  many  years 

[18] ,  but  their  impact  on  the  dynamic  characteristics  of  the  flame  has  only  recently  been  recognized 
[3].  These  outer  vortices  appear  to  be  important  in  establishing  flame  flicker.  The  model  predicts  a 
clipping  of  the  flame  tip,  which  is  responsible  for  one  type  of  flame  flicker,  and  is  apparently 
caused  by  the  motion  of  these  large  outer  vortex  structures.  The  predicted  frequencies  of  1 1  to  15 
Hz  compare  well  with  the  experimentally  determined  frequency  of  12  Hz.  Buckmaster  and  Peters 

[19]  postulated  that  flame  flicker  is  a  result  of  a  buoyancy  induced  Kelvin-Helmholtz  type 
instability.  Their  analysis  of  an  infinite  candle  flame  resulted  in  a  flicker  frequency  within  a  factor 
of  2  of  observed  flame  flicker  frequencies.  The  impact  of  buoyancy  on  the  flame  is  shown  in  Fig. 
4  where  in  one  case  gravity  is  included  in  the  calculation  and  in  the  other  case  the  gravitational 
constant  is  set  equal  to  zero.  The  case  with  g  =  0  results  in  a  steady  flame  with  no  outside  vortex 
motions,  thus  implying  that  buoyancy  is  the  dominant  force  in  jet  diffusion  flame  dynamics.  The 
similarities  of  the  temperature  and  vorticity  fields  are  also  apparent  in  Fig.  4. 

Fig.  5  presents  snapshots  of  the  computed  and  measured  temperature  profiles  at  different 
axial  locations.  The  digitized  images  of  the  sooting  flame  with  and  without  background  subtraction 
are  shown  along  with  the  five  SiC  filaments  at  5  different  axial  locations.  The  nearly 
instantaneously  measured  temperatures  are  shown  for  two  filaments  which  are  aligned 
corresponding  to  their  heights  in  the  adjacent  flame.  Two  calculated  temperature  profiles  for  a 
flame  of  nearly  the  same  phase  are  also  shown  at  their  respective  heights  in  the  flame  along  with 
the  computed  flame  surface.  Note  the  two  peaks  in  the  measured  temperature  profile  of  the  fourth 
filament  from  the  bottom.  The  double  peaks  are  a  result  of  the  entrainment  of  hot  reacting  fluid 
into  the  vortex  located  outside  the  flame  surface  (see  Fig.  2).  As  can  be  seen,  similar  double 
peaks  are  predicted  computationally.  The  peak  measured  temperatures  are  about  10%  lower  than 
the  calculated  adiabatic  flame  sheet  temperature  and  may  be  the  result  of  radiative  heat  losses. 
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SUMMARY  AND  CONCLUSION 

Initial  results  are  presented  in  which  the  time-dependent  Navier-Stokes  and  laminar  flame 
sheet  equations  are  numerically  solved  for  an  unsteady  low  speed,  axisymmetric,  jet  diffusion 
flame.  Coordinated  experiments  are  performed. 

The  computations  predict  the  correct  qualitative  features  of  the  dynamic  vortex  structures 
inside  and  outside  the  flame  surface  and  the  stationary  recirculation  zone  at  the  end  of  the  potential 
core  of  the  fuel  jet.  The  model  also  predicts  the  dominant  11  to  15  Hz  flame  flicker  frequency 
observed  experimentally.  The  predictions  show  that  flame  flicker  is  the  result  of  buoyancy  induced 
vortices  outside  the  flame  surface.  The  numerical  model  also  shows  that  the  vortices  outside  the 
flame  surface  play  a  dominant  role  in  determining  the  temperature  and  velocity  profiles  in  this 
region.  The  model  predicts  a  faster  development  of  the  inner  and  outer  vortex  structures  than  are 
observed  experimentally.  This  is  believed  to  be  due,  in  part,  to  the  fact  that  the  predicted  flame 
sheet  temperature  is  higher  than  that  in  the  actual  flame  where  radiative  heat  losses  occur. 

Progress  to  date  has  been  equivalent  to  construction  of  a  computational  test  facility.  This 
facility  (and  its  future  upgrades)  will  now  be  used  to  study  the  physics  underlying  jet  diffusion 
flame  structure  (free  and  forced)  in  conjunction  with  ongoing  experimental  efforts. 
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SIC  FILAMENTS  FOR  TEMPERATURE  MEASUREMENTS 


LASER  SHEET  FOR 
FLOW  VISUALIZATION 


Figure  2.  Theoretical  streakline  plot  (left)  and  experimental  RMS  flow  visualization  for  a  50/50%  by 
mass  mixture  of  C3H8/N2  at  approximately  the  same  phase. 


Fig.  3.  Theoretical  streakline  and  flame  surface  plots  at  four  different  times. 


WITH  GRAVITY 


WITHOUT  GRAVITY 


Fig.  4.  Theoretical  temperature  and  vorticity  contour  plots  with  and  without  gravity. 


Experimental 

Theoretical 
Flame  Surface 


rmonrncoLW  timps 


Fig.  5.  Digitized  images  of  sooting  flame  with  silicon  carbide  filaments  with  and  without 
background  subtraction  and  near-instantaneous  experimental  and  theoretical  radial  temperature 
profiles  superLnposed  on  the  calculated  flame  surface. 
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ABSTRACT 

This  paper  describes  the  initial  results  of  a  joint 
numerical/experimental  investigation  of  the  structure  of  a  6.4  cm/s,  50/50 
mixture  by  mass  of  propane  and  nitrogen  jet  diffusion  flame,  stabilized  on  a 
23  mm  diameter  tube.  The  nature  of  the  unsteady  interactions  between  the 
flame  and  the  vortex  motions,  which  are  crucial  in  any  attempt  to  understand 
buoyant  jet  flames,  is  examined.  Numerical  solutions  of  the  time  dependent 
Navier- Stokes  equations  with  a  laminar  flame  sheet  model  are  visualized  by 
means  of  passive  marker  particles  and  isovorticity  contours.  The  numerical 
results  show  counterrotating  vortex  structures  internal  and  external  to  the 
flame  surface  which  interact  and  move  downstream  along  with  flame  sheet 
bulges.  The  bulges  are  believed  to  account  for  one  type  of  flame  flicker. 
Another  type  of  flicker  in  which  the  tip  separates  from  the  remainder  of  the 
flame  is  also  predicted.  The  predicted  flicker  frequency  of  12  Hz  compares 
well  with  the  14  Hz  that  is  measured  experimentally.  The  structures  bear 
close  resemblance  to  those  observed  experimentally  using  the  Reactive  Mie 
Scattering  (RMS)  laser  sheet- lighting  technique.  SiC  filaments  are  used  to 
measure  the  phase-averaged  near- instantaneous  radial  profiles  of  temperature 
at  various  heights  in  the  flame.  The  experimental  and  numerical  results  are 
seen  to  compare  well  at  these  locations. 

INTRODUCTION 

The  investigation  into  the  dynamic  structure  of  jet  diffusion  flames  has 
become  an  important  area  of  research  within  the  last  decade  [1-6].  This  is 
because,  although  geometrically  simple,  these  flames  exhibit  many  features 
which  are  generic  to  complex  combusting  flows.  In  particular,  the 
interactions  between  flame  surfaces  and  vortex  motions  form  a  crucial  part  of 
the  underlying  physics  associated  with  low  frequency  flame  instabilities  which 
often  appear  as  flame  flicker.  The  connection  of  flame  flicker  with  vortices 
formed  outside  the  flame  surface  has  become  dramatically  apparent  through  the 
recent  use  of  laser  sheet- lighting  techniques  to  visualize  the  structure  of 
jet  diffusion  flames  [3,7].  It  is  now  clear  that  no  attempt  to  understand  the 
dynamics  of  buoyant  jet  diffusion  flames  can  succeed  without  accounting  for 
these  vortex  structures.  Thus,  any  numerical  model  which  is  developed  to 
investigate  the  physical  processes  occurring  in  jet  diffusion  flames  with 
large  vortices  outside  the  flame  surface  must  incorporate  both  unsteadiness 
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and  buoyancy. 

To  address  Che  many  questions  regarding  buoyanc  jet  diffusion  flame 
structure  and  flame  flicker,  a  joint  numerical/experimental  investigation  is 
being  performed.  The  dual  character  of  this  research  (both  experimental  and 
numerical)  is  intended  to  provided  maximum  insight  into  the  problem. 
Comparisons  between  phase-averaged  numerical  and  experimental  results  form  an 
integral  part  of  this  research  effort.  Some  initial  comparisons  will  be 
presented  for  flame  shapes  and  temperatures. 

NUMERICAL  MODEL 

Several  previous  numerical  models  for  axisymmetric  jet  diffusion  flames 
have  been  developed  [8-12].  However,  these  have  all  been  for  the  steady  case 
and,  thus,  exclude  vortex  motions.  Simulations  of  spatially  developing 
axisymmetric  and  two-dimensional  mixing  layers  which  do  account  for  vortex 
dynamics  have  been  reported  but  are  for  nonreacting  flows  [13-15]  or  for 
reacting  flows  where  the  heat  release  is  too  small  to  affect  the  fluid 
dynamics  [16-18],  In  addition,  temporally-developing  mixing  layers  with 
significant  chemical  heat  release  have  been  computationally  investigated 
[19,20].  The  heat  release  has  been  shown  to  affect  the  vortex  structures  due 
to  vorticity  generation  via  volumetric  expansion  and  baroclinicity .  It  is 
reasonable  to  expect  similar  effects  due  to  heat  release  in  the  jet  diffusion 
flame,  along  with  significant  additional  effects  due  to  buoyancy. 

The  numerical  model  employed  here  is  a  direct  numerical  simulation  and  is 
unsteady,  axisymmetric  and  fully  elliptic.  The  finite  difference  numerical 
scheme  being  utilized  is  basically  the  same  as  was  employed  in  a  prior  study 
of  vortex  dynamics  in  nonreacting  incompressible  coflowing  jets  [13],  where 
its  performance  was  deemed  highly  satisfactory.  This  scheme  was  modified  for 
the  present  case  through  the  inclusion  of  variable  transport  properties  and 
thermal  compressibility.  No  turbulence  model  is  employed.  A  flame  sheet 
approximation  along  with  conserved  variables  for  species  concentrations  and 
enthalpy  are  employed,  thus  assuming  a  unity  Lewis  number.  Buoyancy  and 
variable  thermophysical  properties  (e.g.,  viscosity,  specific  heat,  mass 
diffusion  coefficient)  are  accounted  for.  A  simulation  is  carried  out  by 
first  generating  a  steady  flame  solution  by  means  of  a  false-transient 
marching  procedure  [12].  This  solution  provides  the  initial  field  for  the 
time  accurate  unsteady  flame  cqde  under  discussion  here.  After  a  while,  the 
flow  field  enters  into  a  quasi -periodic  state  (generally  11-15  Hz).  The  large 
scale  structures  which  appear  and  interact  will  be  discussed  subsequently . 

EXPERIMENTAL 

The  experimental  set-up  is  shown  in  Fig.  1.  The  central  jet  has  a  23  mm 
diameter  and  is  surrounded  by  an  annular  jet  with  a  254  mm  diameter.  The 
velocities  of  the  central  and  annular  jets  are  6.4  and  15  cm/s,  respectively. 
This  low  velocity  flame  is  very  susceptible  to  room  air  disturbances.  Screens 
placed  around  the  burner  do  a  reasonably  good  job  of  shielding  the  flame  from 
outside  disturbances;  however,  some  asymmetry  in  the  flame  is  noted.  The  fuel 
for  the  central  jet  is  a  50/50  mixture  by  mass  of  propane  and  nitrogen. 

The  Reactive  Mie  Scattering  (RMS)  technique  [7]  is  used  to  visualize  the 
mixing  of  the  fuel  and  products  inside  the  flame  surface  and  the  air  and 
products  outside  the  flame  surface.  This  technique  involves  seeding  the  dry 
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fuel  and  air  with  TiCl4  vapor.  Regions  where  the  water  product  mix  with  the 
TiCl4  in  the  fuel  and  air  are  marked  by  the  formation  of  micron-sized  Ti02 
particles.  These  particles  are  visualized  by  Mie  scattering  observed  at  right 
angles  to  a  sheet  of  laser  light.  Near -instantaneous  radial  temperature 
profiles  are  measured  using  blackbody  radiation  from  15-^m-diameter  silicon 
carbide  filaments  (Thin  Filament  Pyrometry) .  The  blackbody  radiation  from 
these  filaments  is  recorded  using  a  CCD  diode  array  camera.  Soot  emissions 
are  subtracted  from  the  image.  Only  temperatures  greater  than  1200  K  can  be 
measured  by  this  detector.  The  details  of  this  technique  are  described 
elsewhere  [21]. 

RESULTS  AND  DISCUSSION 

Fig.  2  shows  a  (nondimens ional)  time  sequence  of  computational  streakline 
plots  generated  by  injecting  rows  of  passive  marker  particles  near  the  base  of 
the  flame,  with  the  solid  squares  denoting  the  flame  sheet.  A  moving  flame 
bulge  can  clearly  be  seen  here  along  with  counter-rotating  inner  and  outer 
vortex  structures.  These  are  exactly  the  types  of  features  observed 
experimentally  in  low  speed  jet  diffusion  flames  by  means  of  the  RMS  technique 
[5].  Also  note  in  Fig.  2  the  presence  of  a  stationary  recirculation  zone  near 
the  base  of  the  flame  caused  by  negative  buoyancy  effects,  i.e.,  propane  is 
denser  than  air.  Fig.  3  presents  the  same  time  sequence  as  visualized  via 
isovorticity  contours.  The  rapid  upward  movement  of  the  flame  bulge  through 
the  "channel"  formed  by  the  slowly-moving  outer  vortex  structures  is  clear 
here.  Note  that  at  t  =  5.0,  the  tip  of  the  flame  is  about  to  break  off 
(flicker),  a  phenomenon  also  observed  experimentally  [5].  Also  note  the 
rather  unstructured  appearance  of  the  large  outer  buoyancy -driven  vortices,  an 
effect  due  to  local  vorticity  generation  resulting  from  the  heat  release. 
Fig.  4  presents  vorticity  and  temperature  traces  as  a  function  of 
(nondimens ional)  time  at  a  fixed  point  near  the  fuel  jet  radius  at  a  height  of 
13  cm.  Peak  temperatures  (normalized  by  T„  =  294  K)  can  be  seen  to  occur  when 
this  point  is  inside  the  flame,  as  denoted  by  the  bars  near  the  bottom.  Peak 
vorticities  can  be  seen  to  occur  between  the  temperature  peaks,  corresponding 
to  the  presence  of  the  outer  vortex  structures.  As  can  also  be  seen  from  Fig. 
4,  the  predicted  flickering  is  very  regular,  as  is  also  observed 
experimentally.  The  predicted  frequency  of  12  Hz  compares  well  with  the 
experimental  value  of  14  Hz  for  this  flame. 

Experimental  phase -averaged  luminous  flame  surface  and  temperature  data 
(plotted  as  diamonds)  are  summarized  in  Fig.  5.  Ten  filaments  and  seven  phase 
angles  (0*,  50* ,  101*,  151* ,  201* ,  252*,  302#)  have  been  employed.  This 
phase -averaged  data  has  been  obtained  from  a  trigger  based  on  the  thermal 
radiation  from  the  fifth  SiC  filament  above  the  burner.  A  zero  phase  angle 
corresponds  to  the  condition  at  which  a  trigger  signal  was  sent  to  the  CCD 
camera  when  the  hot  zone  (not  the  luminous  flame  surface)  was  at  its  outermost 
location  on  that  filament.  The  phase  angles  reported  in  Fig.  5  are  based  on 
incremental  time  delays  of  10  ms  and  a  period  of  71  ms  (14  Hz).  Each  phase 
angle  represents  the  averaged  data  of  14  realizations.  Also  shown  in  this 
figure  are  the  predicted  flame  surface  (squares)  and  predicted  temperature 
(dashed  lines)  at  each  filament  location.  The  phase  angle  of  the  predictions 
is  based  on  the  predicted  frequency  of  12  Hz  (or  period  of  83  ms) .  As  can  be 
seen,  the  model  and  the  experiment  are  in  reasonable  agreement  regarding  flame 
shape  and  radial  temperature  profiles.  The  model,  however,  over-estimates  the 
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flame  temperature  and  the  development  of  the  upper  flame  bulge  (see  the 
comparisons  at  phase  angles  of  101®  and  151®).  The  predicted  flame  clipping 
at  151®  is  not  observed  experimentally  within  the  field  of  view.  Note, 
however,  that  the  experimental  results  have  some  uncertainties  at  flame 
locations  where  more  soot  is  present.  For  example,  the  double  peaks  in  the 
predicted  radial  temperature  profiles  at  the  higher  flame  bulge  (sixth 
filament  up  at  50®  and  seventh  up  at  101®)  are  not  observed  experimentally. 
Uork  is  in  progress  to  examine  these  discrepancies. 

CONCLUSIONS 

Initial  results  have  been  presented  from  a  joint  numerical/experimental 
study  of  the  dynamics  of  a  low  speed  propane/air  jet  diffusion  flame.  The 
model,  a  direct  numerical  simulation,  has  been  shown  to  reproduce  many  of  the 
important  features  observed  experimentally  in  this  type  of  flame.  In 
particular,  the  large  buoyancy- driven  outer  vortex  structures  closely 
associated  with  flame  flicker  are  seen  in  the  computational  results.  The 
predicted  and  experimental  flicker  frequencies  compare  well.  Generally  good 
agreement  is  also  obtained  between  predicted  and  experimental  phase -averaged 
temperatures  and  flame  shapes.  Further  such  experimental/numerical 

comparisons  are  planned  in  order  to  determine  more  precisely  the  validity  of 
the  computational  model  being  employed  here. 
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SfC  FILAMENTS  FOR  TEMPERATURE  MEASUREMENTS 
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ABSTRACT 


Preliminary  results  of  a  joint  numerical/experimental  investigation  of 
the  dynamic  structure  of  a  buoyant  jet  diffusion  flame  are  presented.  The 
purpose  of  this  effort  is  to  determine  the  nature  of  the  unsteady  interactions 
between  flames  and  their  associated  vortex  motions.  A  direct  numerical 
simulation  of  an  unsteady  low-speed  propane/air  jet  diffusion  flame  is  carried 
out  utilizing  the  flame  sheet  and  conserved  variable  approximations. 
Counterrotating  vortex  structures  internal  and  external  to  the  flame  surface 
appear  and  move  upward  along  with  flame  sheet  bulges.  Tip-cutting 
(flickering)  occurs  with  a  frequency  of  11-15  Hz.  These  dynamic  features  bear 
close  resemblance  to  those  observed  experimentally  by  means  of  the  reactive 
Mie  scattering  (RMS)  technique.  Comparisons  between  computational  and 
experimental  (determined  via  Thin  Filament  Pyrometry)  near- instantaneous 
radial  temperature  profiles  at  four  heights  in  the  flame  also  show  good 
agreement.  The  assumption  of  zero  gravity  in  the  computation  results  in  the 
complete  cessation  of  dynamical  activity,  thus  demonstrating  the  important 
role  that  buoyancy  plays  in  the  behavior  of  this  flame. 
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INTRODUCTION 


The  study  of  combustion  processes  is  difficult  because  of  the  complex 
interactions  between  the  fluid  dynamics  and  the  chemistry.  In  any  complicated 
situation  such  as  this,  it  is  desirable  to  isolate  certain  critical  aspects  of 
the  physics  by  investigating  simplified  systems.  Even  after  simplification, 
however,  the  coupling  among  the  remaining  processes  can  be  very  difficult  to 
sort  out.  Jet  diffusion  flames  are  often  used  to  study  the  interactions  among 
the  physical  and  chemical  processes  occurring  in  combusting  flows.  Indeed, 
much  of  the  current  understanding  of  non-premixed  combustion  processes  has 
resuJted  from  the  study  of  these  flames  beginning  with  the  development  of 
laminar  diffusion  flame  theory  by  Burke  and  Schumann  [1]. 

The  idea  of  a  laminar  jet  diffusion  flame  has  been  extended  to  the 
turbulent  case  by  conceptualizing  the  flame  surface  as  wrinkled  and  stretched. 
In  this  school  of  thought,  the  turbulent  flame  is  represented  by  an  ensemble 
of  stretched  laminar  flamelets.  This  appears  to  be  a  reasonable  method  of 
accounting  for  the  transition  froty  laminar  to  turbulent  flame  structure, 
although  the  concept  has  recently  been  challenged  by  Bilger  [2]. 
Investigation  of  the  basic  processes  underlying  the  transition  from  laminar  to 
turbulent  structure  in  these  flames  Is  very  difficult  from  an  experimental 
viewpoint  because  of  the  various  types  of  fluid  dynamical  and  chemical  data 
that  are  required  simultaneously  over  a  large  spatial  region.  This  difficulty 
can  be  reduced  by  combining  an  experimental  combustion  study  with  a  powerful 
simulation  technique  which  can  provide  the  required  amount  of  instantaneous 
spatially-resolved  data.  The  resulting  experimental/computational  data  set 
can  then  be  employed  to  gain  insights  into  the  underlying  physical  processes, 
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with  the  added  power  that  the  impact  of  changing  parameters  in  the  computation 
can  readily  be  evaluated.  Experiments  with  jet  diffusion  flames  [3-6]  have 
clearly  shown  that  any  computational  method  must  correctly  describe  large 
scale,  time -dependent  processes  involving  buoyancy  and  large  density 
variations.  A  direct  numerical  simulation  based  on  the  governing  unsteady 
equations  of  motion  appears  to  be  a  reasonable  way  of  proceeding  and  is  the 
approach  that  is  followed  here. 

The  configuration  that  has  been  selected  to  initiate  a  joint 
experimental/numerical  investigation  is  a  low  speed  buoyant  jet  diffusion 
flame.  This  configuration  has  been  chosen  for  several  reasons.  First,  the 
lower  regions  of  this  flame  are  laminar,  thus  eliminating  the  extreme  scale 
disparaties  caused  by  turbulence,  as  well  as  allowing  use  of  a  simple  flame 
sheet  approximation  in  the  model.  Second,  this  buoyant  flame  has  many 
distinctive  structural  features  that  can  be  employed  to  aid  in  evaluating  the 
fluid  dynamical  and  thermodynamic  aspects  of  the  model.  Third,  buoyancy  is 
clearly  a  dominant  factor  in  low  speed  jet  diffusion  flames.  In  particular, 
the  role  of  buoyancy  in  establishing  the  large  vortical  structures  outside  of 
the  flame  sheet  and  their  relationship  to  flame  flicker  is  not  fully 
understood.  The  impact  of  these  structures  on  the  mean  flow  field  properties 
measured  in  many  previous  combustion  studies  has  not  been  fully  appreciated. 
This  has  become  dramatically  apparent  through  the  recent  use  of  the  reactive 
Mie  scattering  (RMS)  technique  to  visualize  the  structure  of  these  flames 
[5,7].  Finally,  an  experimentally-validated  model  in  which  the  time- 
dependent  conservation  equations  are  coupled  with  a  laminar  flame  sheet 
approximation  will  provide  an  excellent  basis  on  which  these  flame  sheet 
models  can  be  systematically  studied  at  higher  jet  Reynolds  numbers. 
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NUMERICAL  MODEL 


The  nondimens ionai  continuity,  momentum  and  state  equations  for  the 
unsteady  axisymmetric  flow  of  a  multicomponent  fuel  jet  surrounded  by  a 
coflowing  oxidizer  stream  are 

fj  +  V-(pq)  *  0,  (1) 

3q  —  A  1 

P  3t  +  =  '  VP  '  PRiez  +  ^  (-  U  (V  x  /iq)  +  4/3  V  (/iV*q) 

-i  V  (q  •  Vfi)  -  q V2n  +  V/x  x  (V  x  q)  -  (V  •  q)  Vp) ,  (2) 

P  T  S  R,  Yt  =  Po.  (3) 

i 

Here  />  is  density;  is  viscosity;  T  is  temperature;  q  =  (v,u),  where  v  and  u 
are  velocity  components  in  an  axisymmetric  reference  frame  (r,z);  is  the 

A 

mass  fraction  of  species  i  with  gas  constant  Rt ;  and  ez  is  the  unit  normal  in 
the  axial  direction.  The  pressure  consists  of  a  constant  background  pressure, 
pc  ,  plus  a  perturbation  pressure,  p  (r,z,t),  where  p0  >  >  p.  As  discussed  by 
Rehm  and  Baum  [8]  ,  the  omission  of  p  from  Eq.  (3)  is  entirely  appropriate 
here,  resulting  in  the  suppression  of  acoustic  waves  while  admitting  the  low 
frequency  motions  due  to  buoyancy  effects.  All  quantities  in  Eqs.  (1-3)  have 
been  nondimens ionai ized  with  respect  to  conditions  in  the  coaxial  oxidizer 
stream  at  the  burner  inlet.  Thus  Re  =  Reynolds  number  =  and  Ri  =  Richard- 
son  number  =  ,  where  U0  and  i/0  are  the  entering  oxidizer  stream 

velocity  and  kinematic  viscosity;  L  is  the  fuel  jet  radius;  and  g  is 
gravitational  acceleration. 
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In  order  to  reduce  the  complexity  of  the  problem  while  still  providing  a 
good  approximation  to  the  physical  situation,  a  flame  sheet  model  (infinite 
rate  kinetics)  will  be  employed  here.  In  addition,  the  Lewis  number  (ratio  of 
thermal  to  species  diffusivities)  is  assumed  to  be  unity.  Therefore, 
conserved  variables,  0L  ,  for  species  mass  fractions  and  enthalpy  can  be 
utilized.  These  obey  the  simple  nondimens ional  convection-diffusion  equation 

+  v  •  (pq  £t)  =  i  v  •  (pd  v^>,  (4) 


where  D  is  binary  diffusion  coefficient  and  Pe  =  Peclet  number  = 


U„L 
Df  ’ 


with  Df  taken  as  the  diffusion  coefficient  of  fuel  into  nitrogen  at  the  burner 
inlet.  The  conserved  variables  are  defined  as 


0i  = 


a  Y„_  +  Y, 1  -  Yr 


«  Yox  +  Yf 


h  -  h  1  +  ^ 

-  _ _ _ _  a 

Pi  ~  Yf1  q  +  h,*  -  h, 


Here  h  is  enthalpy;  Q  is  heat  release  per  unit  mass  of  oxygen  consumed; 
is  M 

a  _  — f.  -t —  where  v  is  stoichiometric  coefficient  and  M  molecular  weight; 

1/  M 
o  x  o  x 

subscripts  f  and  ox  refer  to  fuel  and  oxidizer  (with  diluent  accounted  for  in 
the  enthalpy);  arid  superscript  I  refers  to  burner  inlet  conditions.  A  flame 

i 

sheet  exists  at  locations  where  =  Y,1/  (a  Yox  +  Yfx).  The  analytical  model 

for  the  jet  diffusion  flame  under  discussion  here  consists  of  Eqs.  (1-4)  along 

with  appropriate  boundary  conditions . 

This  analytical  model  is  solved  numerically  by  means  of  a  modified 

version  of  the  finite  difference  scheme  employed  previously  by  Davis  and  Moore 

[9]  to  simulate  cold  mixing  layer  dynamics.  This  scheme  utilizes  a  variably- 

5 


62 


spaced  staggered  mesh  in  which  pressures  are  defined  at  cell  centers  and 
normal  velocities  at  cell  faces.  Quadratic  upwind  differencing  is  used  for 
convection,  and  an  explicit  Leith-type  of  temporal  differencing  is  employed. 
At  each  time  step  (At  =  2.5  •  1CT3),  a  Poisson  equation  for  perturbation 
pressure  is  solved  by  a  direct  method.  Variable  thermophysical  properties  are 
calculated  as  described  by  Mitchell  [10],  and  no  turbulence  or  radiation 
models  are  employed.  Species  binary  diffusion  is  taken  as  fuel  into  nitrogen 
inside  the  flame  and  oxygen  into  nitrogen  outside.  All  relevant  variables  are 
specified  at  the  burner  inlet  (z  =  0) ;  axisymmetry  is  enforced  along  the 
burner  centerline;  and  zero  or  constant  gradients  are  employed  at  very  large 
axial  and  radial  distances  (i.e.,  no  shroud).  Mesh  dimensions  are  5000  fuel 
jet  radii  axially  (145  mesh  cells)  and  50  radially  (84  cells),  both  attained 
by  employing  rapidly  expanding  mesh  cell  sizes  away  from  the  flame.  The 
smallest  axial  grid  spacings  (0.2)  are  employed  in  the  initial  mixing  region 
at  the  base  of  the  flame,  while  the  smallest  radial  grid  spacings  (0.05)  are 
employed  for  r  <  1.5.  In  some  cases,  dynamic  mesh  rezonings  have  been 
utilized  in  order  to  maximize  the  number  of  grid  cells  inside  the  flame  at  any 
given  time.  Run  times  on  the  NIST  CYBER  205  are  typically  several  hours,  with 
initial  solution  fields  obtained  by  means  of  a  steady-state  flame  simulation 
[11].  After  awhile,  flame  flickering  commences  in  the  unsteady  computation 
without  the  triggering  required  in  the  cold  jet  case  [9]. 


EXPERIMENTAL 


The  experimental  set-up  [5.7.J  cpnsists  of  a  round  central  jet  with  a  22.5 
mm  diameter  surrounded  by  an  annular  coflow  with  a  254  mm  diameter.  The 
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velocities  of  the  central  and  annular  jets  are  10  and  15  cm/s,  respectively. 
This  low  velocity  flame  is  very  susceptible  to  room  air  disturbances.  Screens 
placed  around  the  burner  do  a  reasonably  good  job  of  shielding  the  flame  from 
outside  disturbances;  however,  some  asymmetry  in  the  flame  is  noted.  The  fuel 
for  the  central  jet  is  propane  diluted  with  50%  by  mass  of  nitrogen. 

The  RMS  technique  [7]  is  used  to  visualize  the  mixing  of  the  fuel  and 
products  inside  the  flame  surface  and  the  air  and  products  outside  the  flame 
surface.  This  technique  involves  seeding  the  dry  fuel  and  air  with  TiCl,, 
vapor.  Regions  where  the  water  product  mix  with  the  TiCl*  in  the  fuel  and  air 
are  marked  by  the  formation  of  micron-sized  Ti02  particles.  These  particles 
are  visualized  by  Mie  scattering  observed  at  right  angles  to  a  sheet  of  laser 
light. 

Simultaneous  radial  temperature  profiles  are  measured  using  blackbody 
radiation  from  five,  15-pm-diameter  silicon  carbide  filaments  (Thin  Filament 
Pyrometry) .  A  digitized  image  of  the  intensity  of  the  graybody  radiation 
(spectral  emissivity  at  a  nearly  constant  value  greater  than  0.9  over  the 
temperature  range  1400  to  2300  K)  from  the  five  filaments  and  soot  in  the 
flame  is  recorded  using  a  CCD  (Charge  Couple  Device) .  An  approximately  10  cm 
by  15  cm  area  of  the  flame  is  recorded  in  a  384  x  576  pixel  format  with  each 
pixel  being  approximately  25  pm  in  diameter.  The  imaging  system  has  a  spatial 
resolution  of  about  274  pm  per  pixel,  and  the  filaments  are  located  axially 
about  every  30  mm.  Soot  emissions  obtained  from  background  intensity 
measurements  near  a  filament  are  subtracted  from  the  graybody  radiation  of 
that  filament.  The  filaments  were  calibrated  in  place  using  a  hydrogen  flame 
where  the  peak  intensity  along  a  filament  was  assumed  to  correspond  to  the 
stoichiometric  flame  temperature  minus  the  temperature  associated  with  the 
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radiation  loss  from  the  flame.  The  intensity  data  for  the  propane  flame  after 
soot  background  subtraction  are  scaled  by  the  known  hydrogen  flame  temperature 
and  converted  to  temperature  data  by  using  Planck's  equation  and  the 
convolution  of  the  detector  response  as  a  function  of  wavelength.  It  is 
feasible  to  subtract  the  soot  background  from  the  total  intensity  of  a 
filament  because  the  filament  is  a  more  effective  radiator  than  soot  particles 
for  an  optically  thin  flame.  Also,  since  soot  formation  is  a  relatively  low 
temperature  process,  the  intense  sooting  zone  and  the  high  temperature  zone 
where  the  filament  intensity  is  highest  do  not  coincide.  Errors  associated 
with  the  temperature  measurements  are  expected  to  be  less  at  the  peak 
temperature  and  will  increase  as  the  temperature  decreases.  Precisions  (8%  at 
1000  K  and  0.3%  at  2370  K)  comparable  to  those  obtained  for  hydrogen-air 
diffusion  flames  in  Ref.  [12]  are  expected  for  the  present  measurements  since 
the  high  temperature  zone  is  usually  located  outside  the  luminous  sooting 
area.  Good  estimates  of  the  errors  associated  with  the  temperature 
measurements  inside  the  luminous  sooting  surface  have  not  been  obtained.  Only 
temperatures  greater  than  about  1400  K  are  measured  in  these  experiments.  The 
details  of  the  Thin  Filament  Pyrometry  technique  are  described  elsewhere  [12]. 


RESULTS  AND  DISCUSSION 


Computations  of  the  aforementioned  jet  diffusion  flame  have  been  carried 
out  with  Re  =  112,  Ri  =  4.9  and  Pe  =  156.  In  the  absence  of  experimental 
data,  slug  flow  velocity  profiles  have  been  assumed  at  the  burner  inlet. 
Computations  assuming  the  opposite  extreme  (a  fully-developed  parabolic  fuel 
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jet  profile)  yield  virtually  identical  results.  This  is  due  to  the  buoyancy- 
dominated  nature  of  this  low  speed  flame,  where  the  initial  velocity  profiles 
are  rapidly  distorted  by  the  large  buoyant  acceleration.  Fig.  1  shows  both  a 
visualization  of  the  computed  flame  and  an  experimental  view  as  obtained  by 
the  RMS  technique.  Both  the  theoretical  and  experimental  visualization 
techniques  provide  a  streak-line  representation  (snapshot)  of  the  flow  field 
at  one  instant  of  time.  The  flame  is  not  intentionally  forced  either 
experimentally  or  computationally.  The  computational  flow  field  is 
illuminated  via  multicolored  passive  marker  particles,  with  the  solid  red  line 
representing  the  flame  sheet.  Experimentally,  the  shape  of  the  sooting 
surface  is  believed  to  be  a  reasonable  representation  of  the  shape  of  the 
flame  surface  [13]  and,  as  can  be  seen,  the  shape  of  the  computed  laminar 
flame  is  very  similar  to  that  of  the  observed  sooting  surface.  The  shapes  of 
the  large  outer  vortex  structures  are  also  very  well  reproduced 
computationally.  Even  the  counter-rotating  vortices  located  in  the  flame 
bulge  are  predicted.  Another  interesting  feature  of  the  experimental  flame  is 
the  location  of  a  stationary  recirculation  zone  in  the  potential  core  of  the 
jet  flame  [7].  This  recirculation  exists  because  of  negative  buoyancy 
effects,  i.e.,  propane  is  denser  than  air.  The  computation  also  predicts  this 
stationary  recirculation  zone.  Thus,  it  is  evident  from  Fig.  1  that  the  model 
is  able  to  qualitatively  predict  the  important  dynamic  features  of  this  rather 
complex  flame. 

The  large  vortex  structures  outside  the  flame  surface  have  been  known  for 
many  years  [14],  but  their  impact  on  the  dynamic  characteristics  of  the  flame 
has  only  recently  been  recognized  [5,15,16],  These  structures'  dynamical 
importance  is  apparent  from  Fig.  2,  which  presents  computed  isotherms  (with  a 
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red  flame  surface)  for  three  different  times.  The  large  outer  structures  (in 
blue)  are  clearly  identified  as  is  the  separation  of  the  tip  (flickering)  from 
the  main  body  of  the  flame,  an  effect  which  is  apparently  associated  with  the 
motion  of  these  large  vortices.  The  predicted  dominant  frequency  range  of  11 
to  15  Hz  (as  computed  over  numerous  flickering  cycles)  compares  well  with  the 
experimentally  determined  range  of  12  to  14  Hz  for  this  jet  flame.  Buckmaster 
and  Peters  [15]  postulated  that  flame  flicker  is  the  result  of  a  buoyancy 
induced  Kelvin-Helmholtz  type  of  instability.  Their  analysis  of  an  idealized 
infinite  candle  flame  resulted  in' a  flicker  frequency  of  17  Hz.  The  impact  of 
buoyancy  on  the  flame  is  shown  in  Fig.  3,  where  in  one  case  gravity  is 
included  in  the  calculation  and  in  the  other  case  the  gravitational  constant 
is  set  equal  to  zero.  The  zero-gravity  case  results  in  a  long  steady  flame 
with  no  moving  vortex  structures,  thus  implying  that  buoyancy  is  the  dominant 
force  in  jet  diffusion  flame  dynamics.  The  delineation  of  the  large  outer 
vortices  by  both  the  isovorticity  lines  and  the  isotherms  can  be  noted  in  Fig. 
3(a). 

Fig.  4  presents  near- instantaneous  radial  temperature  profiles  and 
snapshots  to  about  the  same  scale  of  the  computed  and  measured  flame 
visualizations.  Fig.  4(a)  shows  the  digitized  image  of  the  sooting  flame 
surface  with  background  subtraction  along  with  the  SiC  filaments  at  four 
different  axial  locations.  In  Fig.  4(b),  the  near -instantaneous  temperature 
profiles  measured  by  the  SiC  filaments  and  those  calculated  by  the  model  at 
about  the  same  phase  are  overlaid  on  the  calculated  flame  surface  plot,  with 
this  surface  being  represented  by  solid  squares.  The  filament -measured 
temperature  profiles  have  a  lower  cut-off  temperature  of  about  1400  K,  and  the 
temperature  scale  is  from  0  to  2350  K.  The  axial  locations  of  the  calculated 
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and  measured  temperatures  agree  to  within  a  few  mm.  Fig.  4(c)  is  a 
computational  streakline  snapshot  of  the  flame  from  which  the  calculated 
radial  temperature  profiles  in  Fig.  4(b)  were  obtained.  Note  that  the  sooting 
surface  in  Fig.  4(a)  has  about  the  same  shape  as  the  flame  surface  represented 
by  the  solid  squares  in  Fig.  4(c). 

As  just  noted,  the  phase  of  the  experimental  flame  was  chosen  so  that  the 
shapes  of  the  experimental  and  theoretical  flame  surfaces  were  about  the  same, 
thus  matching  peak  temperature  locations  radially.  This  method  of  comparison 
could  give  misleading  results  since  it  has  not  been  determined  how  well  the 
experimental  and  theoretical  flame  shapes  actually  correlate  throughout  their 
respective  flickering  cycles.  As  can  be  seen,  the  agreement  between  the 
measured  and  calculated  temperature  profiles  in  Fig.  4(b)  is  quite  good.  This 
is  illustrated  by  comparing  the  width  of  the  temperature  profiles  at  different 
axial  locations.  Both  the  predicted  and  measured  widths  of  the  profiles 
nearest  the  jet  exit  are  narrow.  At  the  next  higher  axial  location,  the 
profiles  become  broader  as  the  flame  starts  to  bulge  outward.  In  the 
contraction  region  at  the  next  higher  filament  location  (third  filament  up) 
they  are  narrow  again.  Double  peaks  are  noted  just  below  the  large  flame 
bulge  at  the  highest  filament  location,  with  the  predicted  peaks  more 
pronounced  than  the  measured  ones .  The  predictions  and  the  measurements 
agree,  however,  that  the  outer  peak  is  much  broader  than  the  inner  one.  This 
is  believed  due  to  the  entrainment  of  hot  gases  into  the  large  outer  vortex 
shown  in  Fig.  4(c).  Examination  of  the  RMS  visualizations  (not  shown) 
indicates  that  three-dimensional  effects  are  beginning  to  set  in  at  this 
location.  These  effects  may  be  at  least  partially  responsible  for  the 
differences  in  the  predicted  and  measured  widths  of  the  double  temperature 


peaks.  The  transition  to  a  fully  three-dimensional  flow  at  greater  heights  is 
currently  under  study  experimentally. 

The  compressed  temperature  scale  in  Fig.  4(b)  does  not  give  a  highly 
accurate  comparison  between  the  calculated  and  measured  temperatures .  In 
general  the  peak  measured  temperatures  are  5  to  15%  lower  than  the  calculated 
adiabatic  flame  sheet  temperature.  A  radiative  temperature  loss  of  about  10%, 
which  is  unaccounted  for  in  the  model,  is  not  unreasonable  for  this  sooting 
flame. 

The  higher  predicted  flame  temperatures,  and  thus  buoyant  accelerations, 
may  account  for  another  observed  difference  between  the  model  and  the 
experimental  results.  A  comparison  of  numerous  snapshots  of  predicted  and 
RMS -measured  flame  shapes  shows  that  the  calculated  flow  develops  faster  than 
the  observed  flow.  The  axial  location  of  the  calculated  recirculation  zone 
just  above  the  fuel  jet  exit  is  usually  closer  to  the  nozzle  than  is  observed 
experimentally.  Likewise,  the  outer  vortex  structures,  and  consequently  the 
flame  bulge  with  its  inner  counter-rotating  vortices,  are  predicted  to  form 
closer  to  the  nozzle  than  indicated  by  experiment.  Consistent  with  this 
reasoning,  computational  experiments  in  which  the  flame  temperature  is  lowered 
by  about  10%  show  a  slight  retardation  in  flow  field  development. 


CONCLUSIONS 

A  direct  numerical  simulation  of  an  axisymmetric ,  low  speed  propane/air 
jet  diffusion  flame  has  been  performed.  The  computational  results  have  been 
compared  with  the  results  of  an  experimental  investigation  of  the  same  flame. 
The  computations  have  been  shown  to  predict  the  correct  qualitative  features 
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of  the  dynamic  vortex  structures  observed  both  inside  and  outside  the  flame 
surface  as  well  as  the  stationary  recirculation  zone  seen  in  the  potential 
core  of  the  fuel  jet.  The  model  and  experiment  also  closely  agree  regarding 
the  dominant  flame  flicker  frequency  range.  Comparisons  of  computational  and 
experimental  near -instantaneous  radial  temperature  profiles  at  four  heights  in 
the  flame  have  shown  good  agreement.  The  predictions  show  that  both  flame 
flicker  and  double-peaked  temperature  profiles  are  closely  associated  with 
buoyancy- induced  vortices  outside  the  flame  surface.  The  model,  however, 
predicts  a  faster  development  of  the  inner  and  outer  vortex  structures  than  is 
observed  experimentally.  This  is  believed  to  be  due,  at  least  in  part,  to  the 
fact  that  the  predicted  flame  sheet  temperature  is  higher  than  that  in  the 
actual  flame  where  radiative  heat  losses  occur.  Finally,  important  three- 
dimensional  effects  have  been  observed  to  eventually  appear  as  the  flame 
bulges  and  vortex  structures  move  upward,  thus  rendering  the  axisymmetric 
model  inadequate  at  large  heights  in  the  flame.  It  is  clear  that  additional 
experimental/numerical  comparisons  of  instantaneous  results  are  needed  over 
entire  flickering  cycles  before  the  model's  region  of  validity  can  be  firmly 
established  for  this  buoyant  propane/'air  jet  diffusion  flame. 
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FIGURES 


1.  Experimental  and  computational  visualizations  of  jet  diffusion  flame. 

2.  Computed  isotherms  for  three  times  [(a) -(c)]  18.8  milliseconds  apart. 

The  red  contour  represents  the  flame  surface. 

3.  Computed  vorticity  and  temperature  contours  in  jet  diffusion  flame,  with 
squares  denoting  the  flame  sheet,  (a)  Normal  gravity,  (b)  Zero  gravity. 

4.  Experimental/computational  temperature  comparison.  (a)  Digitized  image 
of  sooting  flame.  (b)  Near- instantaneous  experimental  (dotted  curves) 
and  computational  (solid  curves)  radial  temperature  profiles.  (c) 
Computational  streakline  plot  at  same  phase  as  digitized  image. 
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2.3  FLAME-FLOW  INTERACTION  STUDIES 


In  this  effort  the  propagation  of  turbulent  propane  and  methane  jet  diffusion  flames  at 
critical  jet  velocities  was  characterized.  Two-dimensional  techniques  were  utilized  to 
track  the  dynamic,  time-varying  features  of  flame  propagation  and  stabilization  near 
the  flame  base.  A  paper  discussing  these  results  entitled,  "Flame  Lifting  and  Flame/ 
Flow  Interactions  of  Jet  Diffusion  Flames,"  was  presented  at  the  AIAA  27th  Aerospace 
Sciences  Meeting  (see  p.  78).  In  this  study  the  completeness  of  the  fuel-air  mixing 
was  examined  using  two-dimensional  Rayleigh  imaging,  and  the  progress  of  the  flame 
propagation  was  mapped  through  temperature  profiles  obtained  using  the  TFP  tech¬ 
nique.  A  second  paper  entitled,  "Stabilization  Zone  Structure  in  jet  Diffusion  Flames 
from  Liftoff  to  Blowout,"  which  was  presented  at  the  same  meeting  contained  the 
results  of  direct  measurements  of  the  turbulent  velocity  and  length  scales  of  the  flame 
motion  using  the  TFP  technique  at  high  sampling  rates  (see  p.  89).  A  third  paper  dealt 
with  the  analysis  of  flame-propagation  data  by  fractal  analysis  in  an  attempt  to  predict 
the  turbulent  flame  velocity.  This  paper  entitled,  “Propagation  and  Fractals  of  Turbu¬ 
lent  Jet  Diffusion  Flames,"  was  presented  at  the  1989  AIAA/ASME/SAE/ASEE  25th 
Joint  Propulsion  Conference  (see  p.  96). 

A  fourth  paper  dealing  with  the  application  of  the  TFP  technique  to  the  characterization 
and  visualization  of  turbulent  jet  diffusion  flames  is  entitled,  "Turbulent  Flame  Visuali¬ 
zation  Using  Thin-Filament  Pyrometry  at  High  Sampling  Rates,"  and  was  presented  at 
the  1989  Winter  Annual  Meeting  of  ASME  (see  Sect.  2.3  of  Volume  1,  p.  109).  A  fifth 
paper  deals  with  joint  RMS/PLIF  (OH)  measurements  which  were  used  to  study  the 
impact  of  jet-shear-layer  development  upon  flame  behavior.  This  paper  entitled, 
"Characterization  of  Turbulent  Jet  Diffusion  Flames:  Results  of  Planar  Imaging  Tech¬ 
niques,"  was  presented  at  the  AIAA  28th  Aerospace  Sciences  Meeting  (see  p.  103).  A 
sixth  paper,  like  the  fifth,  deals  with  a  combined  RMS/PLIF  (OH)  technique  for  studying 
the  impact  of  jet-shear-layer  development  upon  flame  behavior.  This  paper  entitled, 
"Statistical  OH-Zone  Structures  of  Turbulent  Hydrocarbon  Jet  Flames:  Results  of 
RMS/OH  PLIF  Techniques,"  is  now  being  reviewed  for  publication  in  Combustion 
Science  and  Technology  (see  Sect.  2.4  of  Volume  1,  p.  125).  A  final  paper  which 
resulted  from  these  studies  is  entitled,  "Conditional  Velocity  Measurements  at  the  Base 
of  Turbulent  Lifted  Jet  Flames,"  and  was  presented  at  the  26th  AIAA/ASME/SAE/ASEE 
Joint  Propulsion  Conference  and  Exhibit  (see  p.  113). 
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Abstract 

The  propagation  of  turbulent  propane  and  methane 
diffusion  flames  with  critical  jet  velocities  was  characterized. 
The  completeness  of  the  fuel-air  mixing  was  examined  using 
two-dimensional  Rayleigh  imaging.  The  progress  of  the  flame 
propagation  was  mapped  through  temperature  profiles  made 
using  thin-filament  pyrometry  at  high  sampling  rates.  These 
recorded  time-series  temperature  profiles  were  used  to  deduce 
the  time  and  length  scales  directly  associated  with  the 
turbulent  flame  motion.  The  Karlovitz  number  and  turbulent 
diffusivity  for  various  flow  conditions  wens  obtained  from 
these  scales.  Two  flame-lifting  mechanisms  were  identified 
and  examined  in  detail.  After  the  flame  lifted,  the  size  of  the 
flame  cone,  the  magnitude  of  the  flame  fluctuation,  and  the 
radial-velocity  fluctuation  of  the  flame  surface  almost  doubled. 
The  flame  displayed  a  maximum  strain  rate  of  -  450  1/sec. 
The  minimum  flame  thickness  observed,  ~  1.0  mm,  is  larger 
than  the  Kolmogorov  scale. 


1.0  Introduction 

The  liftoff  and  blowout  processes  of  jet  diffusion  flames 
are  of  great  interest  not  only  to  designers  of  combustion 
devices  but  also  to  fundamental  theoreticians.  To  date,  predic¬ 
tion  of  the  liftoff  height  and  blowout  velocity  -has  been 
attempted  using  methods  based  on  various  physical  models. 

A  classical  prediction  is  based  on  premixed  flame 
concepts1'3  wherein  the  occurrence  of  flame  attachment,  lift¬ 
off,  and  blowout  is  determined  by  the  balance  between  the 
local  flow  velocity  and  the  turbulent  flame  speed  for  the  fuel- 
atr  mixture.  The  assumption  of  the  premixing  of  fuel  and  air 
which  is  required  in  this  approach  has  been  challenged  by  an 
alternative  theory  proposed  by  Peter  and  William.4  In  their 
diffusion  flamelct  theory,  liftoff  is  associated  with  the 
dissipation  rate  at  the  stoichiometric  surface.  The  validity  of 
their  model  requires  that  the  flame  zone  be  thinner  than  the 
Kolmotgorov  scale-which  is  seldom  the  case  in  hydrocar¬ 
bon  flames.5  A  recent  prediction  was  made  based  upon  the 
mixing  mechanism  via  coherent  structures  proposed  by 
Broadwell,  £1  at6  This  model  applies  the  flame-stability 
criteria  based  on  the  ratio  of  the  flow  mixing  time  and  the 
chemical  reaction  time.7'8  The  model  is  similar  to  a  widely 
accepted  method  of  studying  flame  stabilization9'11  which 
suggests  that  flame  blowout  will  occur  if  excessive  amounts 
of  cold  air  are  mixed  too  rapidly  (promoted  by  coherent 
vortex  structures)  with  the  hot  product.  In  recent  work  of 
Schadow,  ai-,  it  was  concluded  that  application  of  small 
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steps  inside  the  nozzle  wall  create  intense  small-scale 
turbulence  and  enhance  mixing  near  the  nozzle  tip.  Mixing 
time  is  reduced  and  stability  strongly  enhanced,  which  would 
seem  to  refute  predictions  based  on  Broadwell’ s  theory. 
Although  the  above  theories  shed  light  on  certain  important 
aspects  of  liftoff  and  blowout  in  diffusion  flames,  more 
research  is  needed  to  elucidate  the  fundamental  mechanisms  of 
these  phenomena. 

In  the  present  study  propane  and  methane  jet  diffusion 
flames  at  critical  jet  velocities  were  examined  by  two- 
dimensional  imaging  of  both  Rayleigh  and  Mie  scattering. 
The  instantaneous  fuel-air  mixing  was  measured  with  a  spatial 
resolution  of  100  pm  and  a  temporal  resolution  of  10  nsec.  At 
the  critical  jet  velocity,  the  flame  could  be  attached,  partially 
lifted,  or  completely  lifted  from  the  nozzle.  Attention  was 
focused  on  the  near  field  of  the  jet  flame  to  permit  the  flame 
structure  and  flame/flow  interactions  to  be  characterized  for 
evaluating  the  validity  of  the  above  models.  Since  informa¬ 
tion  on  the  progress  of  the  thermal-zone  motion  is  essential  for 
understanding  flame/flow  interactions,  thin-filament  pyrome¬ 
try  (TFP)  was  used  to  profile  the  temperature  at  a  sampling 
rate  of  up  to  3  kHz.  The  position  and  thickness  of  the  thermal 
zone  as  functions  of  time  were  obtained  at  selected  axial  loca¬ 
tions.  Statistical  analysis  of  these  time  series  provided  time 
and  length  scales  associated  with  the  flame  propagation.  The 
Karlovitz  number,  which  was  often  used  as  a  quenching 
criterion  for  both  premixed  and  diffusion  flames,  was  derived 
from  the  experimental  data.  The  associated  strain  rate  was 
determined  and  compared  with  theoretical  results. 

The  turbulent  diffusivity  associated  with  flame-surface 
motion  due  to  large-scale  flow  disturbance  was  also  measured 
and  compared  with  the  molecular  diffusivity  of  the  fuel.  The 
above  comparisons  were  performed  under  various  flow  condi¬ 
tions  and  at  different  axial  locations.  Comparison  of  flow 
conditions  beyond  liftoff-approaching  blowout-is  reported  in 
a  separate  paper.13 


2.0  Experimental 

2.1  Diffusion-Flame  Facilities  and  Flow  Conditions 

A  short,  tapered  contour  nozzle  of  5-mm  inner  diameter 
was  used  as  the  fuel  jet.  The  contraction  ratio  of  the  nozzle 
was  20  to  1.  A  25-cm  duct  confined  the  annular  air  flow. 
Propane  and  methane  were  used  as  fuels  in  this  study.  Both 
fuels  were  issued  with  a  jet  velocity  such  that  the  flame  could 
be  attached  or  lifted.  In  the  present  paper  this  velocity  is 
referred  to  as  the  critical  jet  velocity.  The  critical  jet  velocity 
for  the  propane  flame  is  19.5  m/sec  and  for  the  methane  flame 
is  310  m/sec.  The  annular-air  velocity  was  maintained  at  0.15 


79 


m/sec  for  all  test  conditions.  Since  there  was  concern  that  the 
facility  might  have  unique  properties,  the  liftoff  height  as  a 
function  of  the  jet  exit  velocity  was  recorded  and  is  shown  in 
Fig.  1.  These  data  were  obtained  using  the  TFP  technique  de¬ 
scribed  in  the  next  section. 


Fig.  1  Plot  of  measured  liftoff  height  as  function  of  jet  exit 
velocity. 


2.2  Two-Dimensional  Imaging  and  Thin-Filament  Pvromctrv 

(TFP) 

Figure  2  is  a  schematic  diagram  of  the  two-dimensional 
imaging  system  employed  in  this  study.  Mie  scattering  was 
used  to  gain  qualitative  information  on  the  mixing  process  and 
Rayleigh  scattering  to  obtain  the  temperature  or  concentration 
in  both  reacting  and  non-reacting  flows.  For  both  techniques 
frequency-doubled  Nd.YAG  laser  was  employed  as  the  light 
source;  it  provided  a  laser  pulse  having  a  10-nsec  width  and  a 
532  -ran  wavelength.  The  laser  beam  was  spread  into  a  thin 
sheet  by  a  cylindrical  lens.  For  Rayleigh  scattering  the  spread¬ 
ing  angle  must  be  kept  small  because  this  weak  process 
requires  high  laser  intensity.  As  a  result  the  sheet  dimensions 
for  flame  observation  were  -4x6  cm.  For  Mie-scattering 
observations  the  sheet  dimensions  were  much  larger  because 
of  the  stronger  scattering  signal. 


Fig.  2  Schematic  diagram  of  two-dimensional  imaging  system. 


Separate  camera  systems  were  used  for  the  Rayleigh-  and 
Mie-scattering  experiments.  The  camera  for  the  Rayleigh 
imaging  was  equipped  with  an  intensifier  to  gate  and  amplify 
the  signal  level  for  the  two-dimensional  CCD  array-detector 
which  consists  of  384  x  576  pixels.  With  the  proper  optical 
arrangement,  a  spatial  resolution  of  100  x  100  pm  was 
achieved.  Typical  point-measurement  techniques  such  as 
LDA,  Rayleigh,  Raman,  and  CARS  have  a  resolution  of  -  100 
x  100  x  1000  pm.  The  temporal  resolution  of  - 10  nsec  dictated 
by  the  Nd:YAG  laser  is  adequate  to  freeze  the  motion  of  the 
flow  at  50  m/sec.  The  camera  for  Mie-scattering  imaging  does 
not  require  an  intensifier,  thus,  the  exposure  was  controlled  by 
the  combination  of  laser  pulse  and  mechanical  aperture.  Video 
signals  from  the  cameras  were  gated,  amplified,  and  sent  to  a 
microcomputer  for  storage  with  12-bit  resolution. 

The  thin-filament  pyrometer  utilized  in  mis  experiment 
has  been  described  in  detail  by  Goss,  aL14  Figure  3  is  a 
schematic  diagram  of  the  optical  layout.  The  blackbody  radia¬ 
tion,  which  is  a  function  of  temperature,  of  a  segment  of  the 
filament  was  scanned  by  a  rotating  mirror  which  has  ten  planar 
surfaces.  The  scanned  image  was  fed  into  an  RCA-C30979E 
InGaAs  photodiode.  The  risetime  of  the  overall  detector  cir¬ 
cuitry  in  this  setup  was  1  nsec,  and  the  digitization  rate  ranged 
from  2.5  to  4  MHz.  In  this  application  the  sampling  resolution 
was  adjusted  from  60  to  150  pm  to  ensure  that  the  scanned 
image  would  cover  the  entire  flame  cone  under  various  flame 
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Fig.  3  Schematic  diagram  of  thin-filament  pyrometer. 

conditions.  The  lower  temperature  limit  of  the  TFP  technique 
in  this  setup  is  -  1000  K,  while  the  upper  limit  is  determined  by 
the  filament  survivability  (over  2300  K).  The  measured  black- 
body  emission  thus  characterizes  the  temperature  zones  above 
1000  K.  A  typical  profile  recorded  across  the  flame  cone  is 
shown  in  Fig.  4(a);  the  two  peaks  correspond  to  the  flame 
surface  intercepted  by  the  filament.  The  profile  was  fitted  by 
two  Gaussian  functions  superimposed  on  a  background  value 
to  permit  the  position  of  the  flame  surface  and  the  thickness  of 
the  thermal  zone  to  be  located  and  measured.  Figure  4(b)  is  an 
example  of  a  trace  of  the  flame  surface  as  a  function  of  time. 

Because  of  the  high  acquisition  rate  of  the  TFP  technique, 
spectral  analysis  can  be  performed  to  determine  the  time  scales 
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associated  with  the  flame  motion.  It  was  observed  that  beyond 
the  liftoff  height,  the  flame  fluctuated  at  a  dominant  frequency 
of  <.  120  Hz.  Therefore,  most  of  the  data  were  taken  at  1850 
Hz.  The  measurements  were  performed  at  axial  locations  be¬ 
tween  the  flame  base  and  the  end  of  the  blue-flame  zone.  At 
each  selected  location,  750  profiles  were  recorded. 


character  and  eventually  lifts  completely.  On  the  other  hand, 
(he  propane  flame  begins  to  lift  at  the  mouth  of  the  nozzle. 

With  the  high  contraction  rado  (20  to  1)  of  the  short, 
tapered  contour  nozzle,  the  velocity  profile  at  the  jet  exit 
should  be  flat.  Shekarchi,  4j.iL, 15  in  a  recent  study  concluded 
that  the  shape  of  the  velocity  profile  at  the  exit  of  the  nozzle 
determines  the  liftoff  mechanism  of  the  jet  diffusion  flame.  A 
flat  velocity  profile  leads  to  liftoff  which  is  initiated  at  the  dp 
of  the  nozzle,  whereas  a  rounded  velocity  profile  leads  to  a 
two-zone  split  flame  with  exdncdon  above  the  nozzle.  Why 
the  behavior  of  the  methane  flame  in  the  present  study  seems 
to  be  in  conflict  with  the  above  conclusion  can  be  understood 
by  examining  the  experimental  data. 

Through  initial  examination  of  the  massive  amounts  of 
acquired  data,  different  physical  bases  associated  with  the  two 
lifting  phenomena  were  found.  To  aid  the  understanding  of 
this  information,  two  lifting  mechanisms  will  be  described: 
1)  flame  splitting  due  to  multiple-layer  interactions  and  2) 
excessive  air  entrainment  around  the  nozzle  tip.  Detailed 
clarification  of  the  two  mechanisms  requires  further  investiga¬ 
tion  which  is  currently  underway. 

3.1.2  First  Mechanism:  Flame  Splitting  Due  to  Multiple- Layer 
Interactions 


Fig.  4(a)  Flame  profile  captured  by  TFP  technique. 


Fig.  4(b)  Trace  of  flame  surface  as  function  of  time. 


3.0  Results  and  Discussion 
’  I  Flame-Lifting  Mechanisms 
1 1 1  General  Observations 

During  characterization  of  the  liftoff  height  with  respect  to 
•he  fuel  flow  rate,  it  was  found  that  propane  and  methane  lift  in 
different  ways.  The  methane  flame  displays  holes,  or  disconti¬ 
nuities,  m  its  surface  when  liftoff  speed  is  approached.  With  a 
;mall  increase  in  fuel  velocity,  this  (lame  takes  on  split-flame 


Multiple-layer  structures  have  been  studied  to  a  certain 
extent,  e.g.,  see  Masri,  slid,;16  the  conclusion  reached  was  that 
for  a  hydrocarbon  diffusion  flame,  the  thermal  zone  is  separate 
from  the  shear  zone.  However,  the  present  study  has  shown 
that  the  interaction  of  the  two  separate  layers  for  methane  and 
for  propane  flames  could  be  quite  different.  Figures  5(a)  and 
5(b)  display  Mie-scattering  images  of  the  methane  and  propane 


Fig.  5  Mie-scattering  images  of  (a)  methane  and  (b)  propane 
flames. 
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flames  under  liftoff  conditions.  These  photographs  show  that 
the  methane-jet  shear  layer  experiences  a  sudden  transition  at 
z/D  -  3.  Beyond  this  point  the  shear  layer  grows  very  rapidly, 
and  the  fuel  jet  expands  accordingly.  The  large  structures 
formed  in  the  shear  layer  "spin  out"  frequently  and  may 
penetrate  the  nearby  flame  front.  This  radical  ejection  of  the 
vortex  was  also  found  in  a  helium  jet  by  Sreenivasan,  £i.aL17 
When  penetrated  by  the  vortex,  the  methane  flame  can  be 
locally  quenched,  producing  a  hole  in  the  flame  surface  which 
can  eventually  cause  flame  splitting  and  lifting.  For  propane, 
which  is  heavier  than  air,  the  jet  shear  layer  contains  finer 
structures  and  is  more  confined  to  the  jet.  The  propane  jet 
expands  less  rapidly  than  the  methane  jet  in  the  near  flowfield. 

Flame  splitting  is  evident  in  the  TFP  results  shown  in  Figs. 
6(a)  -  6(c).  These  figures  display  three-dimensional  plots  of 
the  thin-filament  temperature  data  for  propane  and  methane 
flames  under  attached  conditions.  Results  for  the  attached 
propane  flame  are  shown  in  Figs.  6(a)  -  6(b)  for  the  positions  z 
=  20  and  40  mm,  respectively.  The  propane-flame  surface  is 
continuous.  Results  for  the  methane  flame  are  shown  in  Fig. 
6(c)  for  the  position  z  =  40  mm.  At  z  =  20  mm  the  methane- 
flame  surface  is  continuous,  similar  to  the  results  shown  in  Fig. 
6(a).  Beginning  at  z  =  40  mm,  z/d  =  8,  the  flame  surface  for 
methane  is  no  longer  continuous.  Holes  -  10  mm  in  diameter 
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Fig.  6  Three-dimensional  plot  of  TFP  results  for  propane 
flame  at  fa)  z  =  20  mm  and  lb)  z  =  40  mm  and 
methane  flame  at  <c)  z  =  40  mm. 
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appear  which  are  similar  to  those  found  by  Schefer,  aL18 
With  a  very  small  increase  in  jet  velocity,  the  methane  flame 
splits. 

The  effect  of  the  layer  interactions  upon  the  flames  can  be 
seen  in  Figs.  7(a)  and  7(b).  These  two  photographs  show  the 
Rayleigh  images  for  a  propane  diffusion  flame  under  attached 
and  lifted  conditions,  respectively,  both  at  the  critical  jet 
velocity.  The  separation  between  the  shear  mixing  layer  and 
the  reaction  zone  can  be  seen  clearly.  This  type  of  reacting  jet 
flowfield  is  characterized  by  an  inner  shear  layer,  an  inner 
thermal  boundary,  a  flame  sheet,  an  outer  thermal  boundary, 
and  an  outer  shear  layer  (due  to  co-flowing  annular  air).1629 
The  inner  and  outer  shear  layers  are  driven  by  velocity 
gradients  associated  with  the  fuel  jet  and  outer  air  jet,  whereas 
the  inner  and  outer  thermal  boundary  layers  are  driven  by  the 
temperature  gradient  associated  with  the  flame  sheet.  Under 
such  conditions  the  coherent  structures  inside  the  shear  layer 
do  not  provide  the  fuel-air  mixing  across  the  flame  sheet 
assumed  by  some  models.  Instead,  cold  fuel  and  hot  combus¬ 
tion  products  are  mixed  by  these  structures.  Thus,  caution 
should  be  exercised  when  using  the  Lewis-number 
assumption20  to  relate  turbulent  mass  to  thermal  transport  in 
the  study  of  this  type  of  diffusion  flame.  Along  with  the 
chemical  reaction  time,  separate  characteristic  times  for  mass 
and  thermal  mixing  should  probably  be  incorporated  into  any 
model  for  predicting  flame  lifting  and  blowout. 


Fig.  7  Rayleigh  images  of  (a)  attached  and  (b)  lifted  propane 
flames. 
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The  reason  for  the  separation  of  the  flame  from  the  shear 
mixing  layer  can  be  deduced  from  the  concentration  contour 
taken  on  a  non-combusting  jet  (see  Fig.  8).  The  concentration 
contour  is  characterized  by  a  highly  concentrated  central  fuel 
core  having  diffuse  edges.  These  diffuse  edges  indicate  that  a 
substantial  amount  of  premix.. ig  between  fuel  and  air  is  occur¬ 
ring.  This  strong  premixing  is  promoted  by  the  associated 
vortex  engulfment.  However,  the  premixing  is  not  uniform 
across  the  entire  vortex  layer-a  diffuse  concentration  gradient 
is  observed.  If  sufficient  time  elapses,  the  concentration  may 
become  uniform  throughout  the  vortex  at  a  downstream 
location.  In  the  near  field,  however,  the  mixture  inside  the 
vortex  layer  (-30  -  70%)  is  too  fuel-nch  to  sustain  combustion. 
Therefore,  the  combustible  region  is  located  outside  the  vortex 
layer,  as  indicated  in  Figs.  7(a)  -  7(b). 

Separation  of  the  vortex  and  flame  zones  allows  their 
independent  examination.  The  concentration  contours  in  Fig.  8 
show  that  the  leading  edge  of  the  vortex  has  high  strain,  as 
indicated  by  the  high  concentration  gradients;  this  edge  may 
stretch  the  flame.  On  the  other  hand,  the  trailing  edge  of  the 
vortex  displays  a  higher  degree  of  mixing  and  a  negative 
pressure  which  tend  to  stabilize  the  flame.  Thus,  when  a 
vortex  structure  approaches  the  flame  surface,  the  flame 
thickness  and  position  may  be  modulated.  This  may  account 
for  oscillations  in  the  liftoff  height  of  a  lifted  flame. 13 

The  flame  zone  can  influence  the  vortex  zone  just  as  the 
vortex  layer  can  influence  the  flame.  For  example,  in  Fig.  7, 
the  vortex  layer  in  the  attached  flame  is  more  coherent  and 
smaller  than  that  in  the  lifted  flame,  although  the  jet  velocities 
are  identical.  When  the  flame  is  lifted,  the  shear  layer  between 
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Fig.  8  Concentration  contour  of  propane  jet  at  critical  jet 
velocity. 
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the  nozzle  tip  and  the  flame  base  is  cold  and  has  a  high  local 
Reynolds  number.  Vortex  structures  grow  faster,  are  more 
turbulent  in  nature  and,  thus,  can  have  a  major  impact  on 
flames  at  downstream  locations.  The  local  Reynolds  number 
must  be  reduced  for  reattachment  of  the  flame  under  this 
circumstance,  which  explains  the  familiar  hysteresis  effects  of 
the  flame-lifting  phenomena. 

After  examining  the  separanon  of  the  shear  zone  and  the 
thermal  zone,  exploring  the  impact  of  the  interactions  of  these 
two  zones  upon  the  reacting  flowfield,  and  demonstrating  that 
the  methane-jet  shear  layer  has  more  potential  to  interact  with 
the  flame,  the  following  conclusions  were  reached:  1)  the  hole 
observed  in  the  methane  flame  which  previously  was  believed 
to  be  excluded  from  a  jet  flame  having  a  flat  exit  velocity  can 
best  be  explained  by  vortex/flame  interception;  2)  regardless 
of  the  shape  of  the  exit-velocity  profile,  if  the  flow  conditions, 
fluid  properties  and  stoichiometry  allow  interception  of  the 
flame  surface  by  the  vortex  layer,  then  local  extinction  can 
result. 

3.1.3  Second  Mechanism:  Excessive  Air  Entrainment  Around 
Nozzle  Tip 

In  the  case  of  propane  flame,  the  vortex  layer  and  the  flame 
surface  are  distincdy  separate  through  the  near  field.  The 
conditions  for  flame  splitting  are  not  present  in  this  circum¬ 
stance,  and  the  flame  begins  to  lift  at  the  nozzle  tip.  For 
attached  flames  the  flame  tip  is  separated  from  the  nozzle 
mouth  by  a  quenching  distance  measured  to  be  -  1.5  mm. 
Previous  experimental  evidence21  has  shown  that  the  flame 
surface  discourages  the  entrainment  of  air.  Furthermore,  the 
entrainment  is  promoted  by  the  body  force  generated  by 
velocity-vonicity  production  which  is  at  its  maximum  at  the 
nozzle  rip.  Thus,  the  quenching  area  between  the  flame  base 
and  the  nozzle  tip  becomes  the  preferred  location  for  air 
entrainment.  As  the  jet  velocity  approaches  the  critical  liftoff 
velocity,  the  amount  of  entrained  air  around  the  flame  base 
increases  to  such  an  extent  that  premixing  occurs  inside  the 
flame  cone  and  the  flame  tip  becomes  premixed-like.  This 
flame  is  sensitive  to  the  local  jet  and  entrainment  velocities. 

This  second  lifting  mechanism  is  demonstrated  in  the 
schematic  diagram  in  Fig.  9.  In  this  figure  F  is  the  body 
force  created  by  the  vorricity-velocity  producnon  and  is 


F,  and  F,  TEAR  THE  FLAME  AWAY  FROM  THE  BUMP: 
A  HOLE  COULD  BE  OPENED. 

F  HELPS  ENTRAIN  THE  AIR  THROUGH  THE  HOLE. 


Fig.  9  Lifting  mechanism  near  nozzle  tip. 
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responsible  for  air  entrainment.  Even  if  the  flame  remains 
diffusion-like,  the  increasing  jet  velocity  will  cause  an  increase 
in  F  until  it  reaches  a  critical  value  Fc.  As  a  result  the 
flammable  region  may  be  pulled  closer  to  the  shear  layer,  thus, 
the  strain  on  the  flame  may  become  sufficiently  large  to  cause 
flame  extinction  at  the  nozzle  tip. 

3.2  Propagation  of  the  Stabilized-Flame  Base 

The  two  lifting  mechanisms  discussed  above  may  have 
even  more  profound,  as-yet-undiscovered  effects  upon  flame 
behavior.  For  characterizing  the  propagation  of  the  stabilized 
flame  base,  flame  properties  deduced  from  temperature  data  for 
propane  and  methane  diffusion  flames  were  examined  and  are 
presented  in  the  following  sections.  Data  for  the  attached  and 
lifted  flames  were  taken  independently  to  permit  comparison. 

3.2.1  Rame  Size  and  Thermal-Zone  Thickness 

The  flame  size  is  defined  as  the  diameter,  Df,  of  the  cross 
section  of  the  flame  cone  as  measured  by  the  TPF  technique. 
Variation  of  tl.e  flame  size  as  a  function  of  axial  location  for 
the  selected  flame  conditions  is  shown  in  Fig.  10.  The  attached 
methane  and  propane  flames  have  very  similar  initial  shapes 
near  the  nozzle  tip.  The  quenching  distance  between  the  flame 
tip  and  nozzle  tip  was  measured  to  be  -  1.5  mm  for  both 
flames.  In  addition,  the  initial  flame  diameter  was  -  8  mm 
which  is  larger  than  the  nozzle  diameter  of  5  mm.  The  air 
entrained  through  the  quenched  zone  causes  a  rapid  growth  in 
the  flame  near  the  nozzle  tip,  as  depicted  in  this  figure.  At  z  = 
20  mm,  z/D  =  4,  the  rapid-growth  trend  levels  off,  and  the 
flame  begins  to  follow  the  spreading  of  the  central  fuel  jet. 

Between  z  *  20  and  100  mm,  the  spreading  of  the  propane 
flame  cone  is  linear,  following 

Df/D  =  1.336  +0.199  (z/D)  (1) 

After  the  flame  lifted,  the  flame  base  stabilized  at  z  -  35  mm. 
Under  this  condition  the  spread  of  the  lifted-flame  cone  also 
has  a  linear  region 

Df/D  =  2.692  +0.200  (z/D)  (2) 


Fig.  10  Plot  of  measured  flame  size  as  function  of  downsream 
locations. 


Equations  (1)  and  (2)  indicate  that  the  attached  and  lifted 
propane  flames  spread  at  the  same  angle,  with  the  slope  being 
0.20.  The  sudden  increase  in  flame  size-50%  increase  at  z  = 
35  mm-after  liftoff  is  due  to  the  unrestricted  entrainment  of  air 
through  the  open  area  between  the  flame  base  and  the  nozzle 
up. 

For  the  methane  flame.  Fig.  5  demonstrates  that  the  struc¬ 
ture  in  the  shear  layer  is  larger  and  the  angle  of  the  spread 
greater  than  for  the  propane  flame  at  a  similar  jet  exit 
momentum.  The  impact  of  the  difference  in  jet  behavior,  fluid 
properties,  and  reaction  kinetics  upon  flame  spreading  as  well 
as  other  characteristics  will  be  described  in  the  following 
sections. 

From  Fig.  10  it  is  obvious  that  the  methane-jet  shear  layer 
may  have  interacted  with  the  flame  surface  initiated  at  z  -  40 
mm,  The  resulting  local  quenching  leaves  holes  in  the  flame 
surface,  as  shown  in  Fig.  6,  which  become  preferred  areas  for 
air  entrainment  As  a  result  the  flame  size  increases  abruptly  at 
z  -  50  mm.  Possibly  due  to  this  increase  in  size,  the  flame  is 
able  to  avoid  the  shear  layer  and  resume  its  linear  growth. 
Beyond  z  ■  60  mm  no  evidence  of  large  holes  was  found. 
After  the  methane  flame  lifted,  the  flame  also  dramatically 
increased  in  size,  as  indicated  in  Fig.  10.  Thus,  the  increase  in 
flame  size  can  be  explained  by  the  mechanism  involved  in  the 
second  type  of  flame  lifting. 

The  thickness  of  the  thermal  zone  was  determined  from  the 
temperature  profile.  The  flame  thickness  was  defined  as  the 
full-width-half-maximum  (FWHM)  of  the  fined  Gaussian 
function  of  the  TFP  result  For  the  region  confined  by  the 
width,  the  gas  temperature  is  higher  than  -  1300  K -which  is 
higher  than  the  ignition  temperature.  The  actual  reaction  zone 
is  inside  this  peak  and  has  a  thickness  which  is  smaller  than  the 
FWHM.  Therefore,  the  measured  width  (FWHM)  will  be 
referred  to  as  the  thermal-zone  thickness  rather  than  the 
reaction-zone  thickness.  Over  730  individual  width  values 
were  averaged  to  obtain  the  thickness  presented  in  Fig.  11.  It 
can  be  seen  that  the  thermal  zone  grows  along  the  axial 
direction,  indicating  expansion  of  the  thermal  boundary  layer 
associated  with  the  flame  surface.  In  addition,  the  thermal 
zone  of  the  methane  flame  is  thicker  than  that  of  the  propane 
flame.  Two  possible  explanations  can  be  given  for  this  result. 


Fig.  11  Plot  of  measured  thermal-zone  thickness  as  function  of 
downstream  locations. 


6 


84 


First,  the  growth  of  the  laminar  thermal  boundary  is 
proportional  to  the  square  root  of  the  kinematic  viscosity22^ 

o-((ox)/U0]°'5  (3) 

Note  that  the  thermal  diffusivity  can  be  used  in  this  expression 
through  the  Prandtl-number  relation.  The  ratio  of  the 
kinematic  viscosities  of  methane  and  propane  is  3.74,  which 
means  that  the  growth  of  the  thermal  layer  of  the  methane 
flame  should  be  ~  1.93  times  that  of  the  propane  flame. 
Second,  the  turbulent  interactions  between  the  jet  shear  layer 
and  the  flame  zone  enhance  the  growth  of  the  thermal  layer. 
This  interaction  is  stronger  in  the  methane  jet,  which  results  in 
a  noticeable  increase  in  thickness  at  z  -  60  mm,  as  shown  in 
Fig.  11.  For  the  same  reason,  the  lifted  flame  has  a  thicker 
thermal  zone  because  it  contains  a  liftoff  area  which  is  more 
turbulent.  The  thermal-zone  thickness  for  all  the  conditions  is 
no  less  than  1.4  mm.  The  reaction-zone  thickness  is  believed  to 
be  no  less  than  -  0.7  mm  and  is  larger  than  the  Kolmogorov 
scale.  According  to  Bilger5  the  flame  in  this  category  cannot 
be  considered  a  thin  flamelet. 

3.2.2  Flame-Crossing  Frequency 

The  leading  edge  of  the  vortex  can  stretch  and  propel  the 
flame  surface,  whereas  the  trailing  edge  can  attract  it 
Therefore,  the  passage  of  the  vortex  structures  around  the 
flame  surface  modulates  the  surface  with  a  characteristic 
passing  frequency.  The  measured  spatial-fluctuation  frequency 
of  the  flame  surface  with  respect  to  the  mean  flame  position  is 
shown  in  Fig.  12.  By  definition,  the  flame  crosses  its  mean 
position  twice  during  each  oscillation  period.  The  crossing 
frequency  should,  therefore,  be  twice  the  oscillation  frequency. 
It  was  found  that  the  crossing  frequency  falls  between  100  and 
250  Hz  which  corresponds  to  the  oscillation  frequency  range 
50  to  125  Hz. 

Generally  speaking,  the  random  turbulence  field  contorts 
the  flame  surface,  causing  the  flame  to  wiggle  at  high  frequen¬ 
cies.  Large  coherent  structures  have  a  lower  frequency  and 
cause  a  larger  fluctuation  in  amplitude  in  the  flame  motion. 


Fig.  12  Plot  of  measured  crossing  frequency  of  flame  surface  at 
different  downstream  locations. 


3.2.3  Rame  Fluctuation  and  Radial  Velocity 

The  degree  of  the  flame/flow  interactions  can  be  quantized 
by  the  length  and  velocity  scales  of  the  flame  propagation. 
From  the  time  series  TFP  results  of  the  radial  flame  surface 
position,  y(tj),  the  root  mean  square  (rms)  value,  y’,  can  be 
determined  which  is  defined  as  the  length  scale,  L.  The  time 
derivative  of  the  flame  position,  dy(t)/dt,  is  the  instantaneous 
radial  velocity,  v,  of  the  flame  surface;  the  mean  value  of  the 
radial  velocity  is  zero.  However,  the  rms  value  v’  is  not  zero 
and  represents  the  turbulent  velocity  scale.  Since  these  two 
scales  were  directly  measured  from  the  time  variation  of  the 
flame  surface,  the  application  of  Taylor's  hypothesis  and 
assumption  of  a  turbulent  Prandtl  number  required  in  other 
techniques  are  not  necessary  for  data  reduction.  These  two 
important  scales  associated  with  the  flame  surface  were 
measured  directly  and  are  shown  in  Figs.  13  and  14.  The  trend 
in  the  variation  of  these  two  quantitites  is  the  same  as  that  of 
the  thermal-zone  thickness  and  flame  diameter.  Note  that  v’ 
for  the  propane  attached  flame  ranges  from  0.07  to  0.13  m/sec, 
which  corresponds  to  0.7  to  3.0%  turbulence  intensity,  using  a 


Fig.  13  Plot  of  measured  rms  value  of  flame  fluctuation. 


Fig.  14  Plot  of  measured  rms  value  of  radial  flame  velocity. 
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jet  velocity  of  10  m/sec  as  reference.  This  is  smaller  than  the 
typical  turbulent  intensity  of  the  shear  layer  which  ranges  from 
-  8  to  15%.  For  the  lifted  methane  flame,  v’  is  -  0.8  m/sec  and 
corresponds  to  a  turbulent  intensity  of  -  8%.  The  radial 
velocity  of  0.8  m/sec  is  about  twice  the  laminar  flame  speed. 

3.2.4  Strain  Rate  and  Turbulent  Diffusivity 

In  the  flame/flow  interaction,  the  flame  is  perturbed  by 
flow  turbulence.  The  flame  surface  is  contorted,  and  the 
surface  area  increases  accordingly.  This  increase  in  surface 
area  raises  the  consumption  rate  of  the  reactant  mixture. 
However,  the  contorted  flame  surface  is  also  accompanied  by 
an  increase  in  local  strain  rate.  If  the  strain  rate  reaches  a 
certain  limit,  the  flame  will  be  quenched.19,23  In  order  to 
obtain  a  quantitative  description  of  this  nrocess,  the  general 
form  of  the  Karlovitz  number  can  be  used19 

K  =  (8/Su)(l/A)(dA/dt)  (4) 

where  5  is  the  laminar  flame  thickness  and  Su  the  laminar 
flame  velocity.  In  an  axisymmetric  system,  it  can  be  shown 
that 

K  =  (5/Su)(l/r)(dr/dt)  (5) 

where  r  is  the  radius  of  the  flame  cone.  The  values  of  r  and 
dr/dt  (=  v’)  can  be  directly  deduced  from  the  time  series  TFP 
flame  measurement.  For  modeling-comparison  purposes,  the 
argument  of  Lewis  and  von  Elbe23  was  adapted  which  uses  the 
magnitude  of  the  flame  fluctuation,  L,  to  represent  the  length 
scale,  r.  Thus,  one  obtains 

K  =  (8/Su)  (v'/L)  (6) 

By  re-arranging  Eq.  (6),  it  can  be  shown  that  K  is  of  a  similar 
non-dimensional  group  as  the  inverse  of  the  Damkohler 
number,  Da 

K  =  (5/Su)/(L/v’)  -  1/Da  (7) 

In  the  definition  of  the  Damkohler  number,  L  and  v'  must  be 
related  to  the  velocity  flowfield,  which  may  be  considered  the 
origin  of  the  disturbance  of  the  flame.  In  the  definition  of 
Karlovitz  number,  L  and  v'  are  associated  with  the  motion  of 
the  flame  surface,  which  is  the  result  of  flow  disturbance. 
These  facts  must  be  considered  when  malting  the  decision  to 
use  one  of  the  above  definitions  to  study  flame  extinction.  Of 
interest  in  this  study  was  characterization  of  the  flame 
propagation;  therefore,  the  Karlovitz  number  was  chosen  for 
examination. 

Since  v’  and  L  are  turbulent  in  nature,  K  will  be  referred  to 
as  the  turbulent  Karlovitz  number,  K(.  In  the  above  expression 
v'/L  is  equivalent  to  strain  rate.  Also,  v'  and  L  can  be  uulized 
to  model  the  turbulent  diffusivity 

D,  =  v'  L  (8) 

D(  defined  above  should  be  the  turbulent  diffusivity  associated 
with  the  flame-surface  motion  because  of  the  way  in  which  v’ 
and  L  were  measured.  Normally,  the  velocity  scale  is  derived 
from  the  velocity  measurement  of  the  flowfield.  The  velocitv 


measured  under  that  circumstance,  however,  does  not 
necessarily  characterize  the  flame  motion. 

The  measured  strain  rate,  v'/L,  and  diffusivity,  v’  L,  are 
plotted  in  Figs.  15  and  16.  The  strain  rate  for  the  propane  flame 
is  shown  to  decrease  after  the  flame  lifts.  On  the  contrary,  the 
strain  rate  for  the  methane  flame  increases  with  the  lifting  of 
the  flame.  Without  further  investigation,  it  is  difficult  to 
ascertain  why  this  is  the  case.  However,  the  measured  strain 
rate  displays  a  relatively  constant  value  ranging  from  -  300  to 
500  1/sec.  For  comparison,  the  maximum  strain  rate  for  the 
methane  flame  was  predicted  and  measured  to  be  -  330-410 
1/sec.24,25  The  value  quoted  by  Bilger5  is  -  300  1/sec  which  is 
deduced  from  a  two-dimensional  scalar  map.  Thus,  it  appears 
that  the  flame  surface  indeed  displays  a  certain  maximum 
strain  rate.  If  the  flow  field  were  modified  in  such  a  way  as  to 
reduce  the  strain  rate,  e.g.,  see  Schadow,  si  _aL12  flame 
stabilization  could  be  strongly  enhanced. 

To  evaluate  the  turbulent  Karlovitz  number,  K,  values  of 
5/Su  for  the  methane  and  propane  laminar  flame  are  needed. 


Fig.  15  Plot  of  measured  strain  rate  sustained  by  flame  surface 
due  to  turbulent  flame  motion. 


Fig.  16  Plot  of  measured  turbulent  diffusivity  associated  with 
turbulent-flame-surface  motion. 
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Under  stoichiometric  conditions,  the  value  of  6/Su  is  -  1/400 
sec  for  methane  and  -  1/430  sec  for  propane.23  Therefore,  the 
turbulent  Karlovitz  number  for  the  propane  flame  ranges  from 
-  0.75  to  1.0  and  agrees  well  with  the  result  of  0.8  given  by 
Lewis  and  von  Elbe.23  The  value  for  methane  ranges  from 
~0.9  to  1.2  and  is  higher  than  the  given  value,  0.6.  Considering 
that  the  results  were  obtained  from  different  combustion 
systems  using  various  experimental  techniques,  this  fair 
agreement  indicates  that  the  concept  of  flame  stretching  can 
adequately  account  for  the  quenching  of  the  flame,  as  pointed 
out  by  Lewis  and  von  Elbe.23  In  a  turbulent  flowfield,  stretch¬ 
ing  can  cause  turbulence  cascading  and  can  lead  to  dissipation. 
Thus,  the  local  scalar-dissipation  criterion  proposed  by  Bilger3 
may  have  the  same  physical  basis  as  the  Karlovitz  number. 

The  measured  turbulent  diffusivity  for  methane  is  approxi¬ 
mately  two  to  four  times  that  of  propane,  as  indicated  in  Fig. 
16.  At  the  adiabatic  flame  temperature,  the  kinematic  viscosity, 
u,  for  methane  is  -  1.0  cm1 2 3 4 5  /sec  which  is  approximately  four 
times  that  for  propane.  -  0.28  cm*/sec.  Thus,  Dt  /  \i  for 
methane  and  propane  should  be  equal  and  could  be  as  large  as 
15.  This  indicates  that  turbulent  thermal  transport  could  be  an 
order  of  magnitude  more  efficient  than  laminar  momentum 
transport. 


4.0  Conclusions 

The  study  of  flame-lifting  mechanisms  and  flame/flow 
interactions  using  two-dimensional  scalar  imaging  and  a  thin- 
filament  pyrometry  technique  has  been  carried  out.  A  better 
understanding  rtf  the  progress  of  flame  propagation  which 
requires  information  on  length  and  time  scales  has  been  gained. 
Through  comparison  of  the  characteristics  of  attached  and 
lifted  methane  and  propane  diffusion  flames,  the  following 
conclusions  were  reached: 

1.  Multiple- layer  structures  were  identified  in  the  near  field 
of  the  hydrocarbon  diffusion  flames.  The  fust  type  of 
flame  lifting-flame  splitting-i$  due  to  the  interception 
of  the  thermal  layer  by  the  shear  layer.  This  intercep¬ 
tion  may  be  determined  by  the  chemical  kinetics,  fluid 
properties,  and  flow  conditions.  Prediction  of  the 
lifting  of  the  flame  bast'd  simply  on  the  exit-velocity 
profile  may  not  be  suffici  *nt. 

2.  The  flame  surface  can  affect  the  flow  by  discouraging 
air  entrainment.  This  process,  along  with  the  body 
forces  generated  by  velocity-vorticity  interactions,  can 
be  applied  to  explain  flame  lifting  at  the  nozzle  tip-the 
second  type  of  flame  lifting. 

3.  The  physics  of  the  two  lifting  mechanisms  can  be  used 
to  explain  flame  behavior  including  the  growth  of  the 
flame  size,  thermal-zone  thickness,  and  velocity  and 
length  scales  measured  in  this  study.  After  the  flame 
lifts,  these  values  almost  double. 

4.  The  measured  velocity  and  length  scales  have  been  used 
to  derive  important  quantities  such  as  strain  rate, 
Karlovitz  number,  and  turbulent  diffusivity  which  are 
known  to  be  difficult  to  measure. 

5.  Since  premixing  occurs  on  a  small  scale  but  is  not 
uniform  throughout  the  shear  layer,  the  flame  will 
propagate,  if  stoichiometry  allows,  to  the  regime  where 
local  strain  does  not  exceed  -  300  -  500  1/sec.  These 


results  indicate  that  the  study  of  flame  distinction  by 
means  of  the  concept  of  critical  stretch  may  be  a 
favorable  approach. 

Finally,  a  novel  approach  is  taken  in  this  study  which 
allows  examination  of  the  concepts  of  critical  flame  stretching. 
This  approach  avoids  application  of  complicated,  simultaneous 
two-dimensional  velocity  and  scalar  measurement  techniques. 
In  addition,  this  technique  is  a  powerful  tool  for  studying  the 
unsteady  flame/flow  coupling  which  occurs  at  the  stabilized 
flame  base. 
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Abstract 


Structures  of  methane  and  propane  jet  diffusion 
flames  under  liftoff  to  blowout  conditions  were 
studied.  The  focus  of  this  investigation  was  on 
the  dynamic,  time-varying  features  of  flame  propa¬ 
gation  and  stabilization  near  the  flame  base.  The 
turbulent  velocity  and  length  scales  of  the  flame 
motion  were  directly  measured  using  a  thln-fl lament 
pyrometry  (TFP)  technique  at  high  sampling  rates. 
The  results  indicate  a  significant  change  in  turbu¬ 
lent  velocity  and  length  scales  as  the  jet  velocity 
increases  approaching  blowout.  The  deduced  turbu¬ 
lent  dlffusivity  displayed  over  an  order  of  magni¬ 
tude  increases  from  liftoff  to  blowout.  However, 
the  strain  rate  never  exceeded  the  limit  of  n,  600 
1/sec.  Near  blowout,  the  flame  zone  assumed  the 
characteristics  of  distributed  combustion. 


1 .0  Introduction 

Topics  related  to  propagation  and  stabilization 
of  turbulent,  lifted  jet  diffusion  flames  have  been 
widely  investigated.1  However,  the  progress  of  the 
flame  motion  near  the  flame  base  remains  one  of  the 
many  unanswered  questions.  Understanding  of 
dynamic  flame  stabilization  processes  requires 
information  on  the  time-varying  properties  of  the 
lifted  flame. 

To  obtain  time-varying  information  on  flame 
propagation,  Chen  and  Goss*  have  utilized  thln- 
fllament  pyrometry  (TFP)  to  profile  the  temperature 
at  high  sampling  rates.  The  velocity  and  length 
scales  associated  with  flame  motion  were  measured 
for  methane  and  propane  flames  under  critical  lift¬ 
off  conditions.  The  thermal-zone  thickness  and 
velocity  and  length  scales  were  found  to  Increase 
significantly  after  flame  liftoff.  However,  the 
time  scale  associated  with  large-scale  flame  move¬ 
ment  remains  within  a  narrow  range.  As  a  result 
the  turbulent  dlffusivity  increases  with  Increasing 
jet  velocity  and  downstream  location,  while  the 
strain  rate  remains  essentially  constant.  For 
methane  and  propane  flames  at  a  critical  liftoff 
velocity,  the  strain  rate  sustained  by  the  flame 
surface  Is  measured  to  be  s  450  1/sec.  This  result 
Is  consistent  with  that  of  other  researchers.3*4 

In  this  paper  lifted  flames  with  exit  velocity 
greater  than  the  critical  liftoff  velocity  are 
examined.  Question*  of  particular  interest  Include 
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1)  How  does  the  thermal  zone  vary  along  the  flame 
under  various  liftoff  conditions;  2)  Will  the 
strain  rate  remain  limited,  and  what  is  the  range 
of  strain  rate  which  the  flame  sustains  when 
approaching  blowout;  and  3)  Will  the  time  scale  of 
the  dominant  flame  motion  remain  constant  and,  if 
so,  why.  In  addition,  efforts  have  been  made  to 
quantify  Intermittent  flame  oase  motion. 


2.0  Experimental 

A  short,  tapered  contour  nozzle  with  5-mm  inner 
diameter  was  used  as  the  fuel  jet  In  these  studies. 
The  contraction  ratio  of  the  nozzle  was  20  to  1 . 
To  Isolate  the  flame  from  room-air  disturbance,  a 
25-cm  duct  was  utilized  to  confine  the  co-annular 
air  jet  having  a  constant  exit  velocity  of  0.15  m/ 
sec.  The  experimental  setup  for  utilizing  the 
thln-fllament  pyrometry  technique  fo*-  the  study  of 
flame  lifting  and  flame/flow  interactions  of  tur¬ 
bulent  jet  diffusion  flames  Is  described  In  Ref.  2 
in  detail.  Therefore,  only  a  brief  description 
will  be  given  below. 

Time-dependent  temperature  profiles  for  the  pro¬ 
pane  and  methane  jet  flames  were  made  from  the 
blackbody  emission  of  a  SIC  thin  filament,  n,  10  um 
in  diameter,  at  a  rate  of  >  3,000/sec.  Each  tem¬ 
perature  profile  was  curve  fitted  to  permit  the 
position  of  the  flame  surface  and  thermal -zone 
thickness  to  be  determined  accurately.  Since  the 
data  were  taken  at  a  high  sampling  rate,  the  time- 
varying  information  could  be  properly  captured  and 
recorded.  From  the  time-series  trace  of  the  flame 
surface,  the  radial  velocity  and  length  scales  of 
the  flame  propagation  could  be  deduced.  The  radial 
velocity  is  the  time  derivative  of  the  flame  trace; 
this  trace  is  obtained  by  the  filament  aligned  in 
the  radial  direction.  The  root  mean  square  (rms) 
value  of  the  radial  velocity,  v',  is  defined  as  the 
velocity  scale,  whereas  the  rms  value  of  the  radial 
flame  location,  y',  Is  defined  as  the  length  scale, 
L. 


The  experimental  conditions  are  sunmarlzed  In 
Table  1.  For  the  propane  flame,  the  heat  released 
was  very  Intense.  The  exhaust  facility  would  not 
allow  a  high-velocity  propane  flame  to  be  run  for 
long  periods  of  time.  Thus,  the  propane  flame  was 
not  tested  for  conditions  over  40  m/sec.  W  the 
methane  flame  the  heating  problem  was  less  severe. 
However,  for  a  methane  flame  having  an  exit 
velocity  >  60  m/sec,  the  liftoff  height  was  greater 
than  140  mm  and  the  height  fluctuated  at  an  ampli¬ 
tude  >  35  mm.  In  addition,  the  flame  was  no  longer 
f lamelet-llke.  The  fitting  process  for  locating  the 
flame  peaks  could  not  be  justified  In  this  case. 


Copyright  'S  American  Institute  of  Aeronautics  and 
Astronautics,  Inc.,  1989.  All  rights  reserved. 


Table  1  Experimental  Conditions 


Fuel 

Exit 

Veloci ty 
(m/sec) 

Flame 

Status 

Origin 
of  Data 

(Case 

No.) 

Propane 

19.5 

Attached 

Ref.  2 

Propane 

19.5 

Lifted 

Ref.  2 

Propane 

29 

Lifted 

Present  Study 

(1) 

Propane 

38.5 

Lifted 

Present  Study 

(2) 

Methane 

31 . 

Attached 

Ref.  2 

Methane 

31 . 

Lifted 

Ref.  2 

Methane 

40. 

Lifted 

Present  Study 

(3) 

Methane 

50. 

Lifted 

Present  Study 

(4) 

Methane 

60. 

Lifted 

Present  Study 

(5) 

Methane 

70. 

Lifted 

Present  Study 

(6) 

Therefore,  temperature  profiles  for  the  methane 
flames  having  a  velocity  of  70  m/sec  were  made  but 
not  analyzed  with  the  fitting  process.  The  flame 
conditions  shown  in  Table  1  (labeled  Case  Nos.  1-5) 
were  examined,  and  the  results  are  presented  in 
this  paper. 


3.0  Results  and  Oiscusslon 

In  Ref.  2  it  was  shown  that  under  critical  lift¬ 
off  conditions,  the  methane  diffusion  flame  experi¬ 
ences  stronger  flame/flow  interaction  than  the 
propane  flame.  When  the  flame  condition  approaches 
blowout,  the  flame/flow  interaction  becomes 
stronger  for  both  flames.  For  examining  flame 
behavior,  data  will  be  presented  In  the  following 
order:  General  flame  liftoff  characteristics  will 
be  described  In  Sect.  3.1,  the  thermal-zone  thick¬ 
ness  and  velocity  and  length  scales  In  Sect.  3.2, 
the  deduce,!  diffuslvity  and  strain  rate  In  Sect. 
3.3,  and  the  crossing  frequency  which  behaves  In  a 
similar  manner  to  the  strain  rate  In  Sect.  3.4. 

3 . 1  Liftoff  Height  and  Fluctuations 

The  classical  approach  to  studying  the  stabili¬ 
zation  of  lifted  flames  Is  to  first  examine  the 
liftoff  height.’*6  Measurement  of  liftoff  height 
has  often  been  accomplished  by  direct  observation 
but  can  easily  be  achieved  by  using  a  thin  filament 
to  indicate  the  presence  of  the  flame.  The 
observed  instantaneous  flame  height  fluctuates 
which  indicates  dynamic  interaction  of  the 
shear  zone  and  the  flame  zone.  After  the  flame 
lifts,  this  interaction  becomes  even  stronger.  The 
interaction  may  be  affected  by  1)  chemical  kinetics 
of  the  mixture  in  the  fuel  jet,  2)  fluid  properties 
of  the  fuel  jet  and  co-flowlna  jet,  3)  flow  condi¬ 
tions  such  as  exit  velocity  (profiled)  and  turbu¬ 
lence  Intensity,  and  4)  geometry  effects  which  may 
be  inherent  in  the  flow  conditions.  This  unsteady 
Interaction  can  cause  intermittent  flame  behavior. 
To  characterize  the  range  of  intermittent  flame- 
base  motion,  both  the  lower  and  the  upper  bounds  of 
the  liftoff  heights  were  recoded  along  with  the 
average  height. 

The  average  liftoff  height  is  shown  In  Fig,  1  as 
a  function  of  exit  velocity.  The  difference  In 
liftoff  height  between  the  lower  and  upper  bound, 
AH,  is  shown  In  Fig.  2.  The  exit  velocity  was  cal¬ 
culated  from  the  volume  flow  rate  and  the  nozzle 
diameter,  0  ■  5  mm.  The  liftoff  condition  for  the 
methane  and  propane  flames  is  marked  in  Fig.  1. 


Fig.  1  Average  liftoff  height  as  function  of  jet 
exit  velocity. 
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Fig.  2  Amplitude  of  liftoff-height  fluctuation  as 
function  of  jet  exit  velocity. 

After  the  flame  lifts,  it  jumps  to  an  initial  lift¬ 
off  height.  A  reduction  of  the  jet  velocity  will 
reduce  the  liftoff  height  and  eventually  cause  the 
flame  to  re-attach.  This  re-attaching  regime  is 
also  presented  In  the  figure  as  the  region  where 
the  velocity  Is  lower  than  the  initial  liftoff 
velocity.  The  blowout  velocity  for  the  methane 
flame  Is  'v  80  m/sec  and  for  the  propane  flame  is 
>  90  m/sec. 

For  the  methane  and  propane  flames,  a  linear 
relationship  between  liftoff  height  and  jet 
velocity  Is  observed  which  confirms  the  results  of 
a  previous  study  by  Kalghatgl.5  In  this  linear 
region  the  relation  for  the  liftoff  height  and  exit 
velocity  for  propane  Is  given  by 


h  -  -21.74  +  2.50  U 

e 

(1) 

and  for  methane  by 

h  *  -28.45  ♦  2.61  U 

e 

(2) 

In  Eqs.  (1)  and  (2)  the  height,  h,  is  in  millime¬ 
ters  and  the  exit  velocity,  Ue,  is  in  meters  per 
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second.  From  Fig.  1  the  initial  liftoff  height  for 
the  propane  flame  is  n,  30  mm  which  is  much  less 
than  that  of  the  methane  flame,  52  mm. 

A  linear  relationship  also  exists  between  the 
velocity  and  the  height  fluctuation  for  both  the 
methane  and  the  propane  flame.  For  the  jet- 
velocity  range  16-45  m/sec,  the  fluctuation  of  the 
liftoff  height  for  the  two  flames  is  nearly  equal. 
The  relation  is 

Ah  «  -5.66  +  0.626  Ufi  (3) 

Considering  the  differences  in  the  reaction 
kinetics  and  fluid  properties  of  methane  and  pro¬ 
pane  flames,  the  equal  liftoff-height  fluctuation 
shown  in  Fig.  2  requires  further  investigation. 
Comparing  Ah  to  h  for  the  flames  studied,  Ah  is 
-v  20%  of  h.  In  addition,  Ah  is  %  50%  of  the  flame 
diameter  or  100%  of  the  flame  radius.  The  flame 
may  be  characterized  as  "not  so  turbulent"  In 
nature,  yet  the  fluctuations  cannot  be  character¬ 
ized  as  small.  Approaching  the  blowout  condition, 
the  liftoff  height  was  n,  200  mm  and  the  fluctuation 
of  the  height  n,  60  mm,  as  shown  in  Figs.  1  and  2. 

Since  co-flowing  air  was  employed,  the  results 
cannot  be  directly  compared  with  those  obtained  by 
other  investigators.  However,  for  modeling  com¬ 
parison  purposes,  one  can  examine  the  concept  of 
the  non-dimensional  study  by  Kalghatgi.5  For  the 
hydrocarbon  gases  the  relationship  between  liftoff 
height  and  jet  exit  velocity  was  given5  by 
Kalghatgi  as 

h  *  Cj (UgV/SyKp)1 '5  (4) 

where  v  Is  the  kinematic  viscosity,  Su  the  maximum 
value  of  the  laminar  burning  velocity,  and  p  the 
density  ratio  of  the  fuel  and  the  ambient  air.  Cl 
in  this  equation  is  an  empirical  constant  which  Is 
independent  of  the  gas  used.  If  the  fluid  proper¬ 
ties  of  the  gases  employed  are  known,  the  constant 
C]  can  be  obtained  by  comparing  Eqs.  (1),  (2),  and 
(4).  For  the  case  of  methane  and  propane  flames,  C] 
was  determined  to  be  59  and  61,  respectively. 
These  two  numbers  are  essentially  equal  within  the 
experimental  uncertainty  of  this  measurement. 
Thus,  these  measurements  support  the  universal  law 
described  in  Eq.  (4),  having  an  empirical  constant 
C]  of  -v  60.  The  value  cited  by  Kalghatgi  is  50; 
the  difference  could  be  due  primarily  to  the  flow 
conditions  related  to  the  co-flowing  air  and  the 
nozzle  geometry.  In  this  study,  co-flowing  air  was 
employed  (at  0.15  m/sec);  in  Kalghatgi's  study  co¬ 
flowing  air  was  not  employed. 

3.2  Velocity  Scale,  Length  Scale,  and  Thermal- 
Zone  Thickness  ’  " 

Since  the  turbulent  flame  has  been  viewed  as  an 
ensemble  of  flamelets,  the  following  properties 
were  measured  in  order  to  characterize  the  progress 
of  the  propagation  and  stabilization  of  the  lifted 
jet  flames.  The  radial  velocity  scale,  length 
scale,  and  thermal -zone  thickness  associated  with 
the  turbulent  flame  motion  are  shown  in  Figs.  3-5. 

In  Fig.  3  the  radial  velocity  fluctuation,  v', 
for  the  motion  of  the  flame  surface  is  plotted  as  a 
function  of  axial  locations  for  the  five  flame  con¬ 
ditions  selected  for  this  study.  With  Increasing 
jet  velocity  and  downstream  location,  the  velocity 
fluctuation  of  the  flame  surface  for  both  propane 
and  methane  increased  consistently.  The  methane 
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Fig.  3  Measured  rms  value  of  radial  velocity 
fluctuation. 

flame  displays  a  higher  fluctuation  than  the  pro¬ 
pane  flame,  as  seen  in  Ref.  2.  The  maximum  radial 
velocity  observed  was  n,  1.8  m/sec  for  the  lifted 
methane  flame  having  a  jet  exit  velocity  of  60  m/ 
sec.  The  local  maximum  axial  velocity  at  the  mea¬ 
surement  location  was  estimated  to  be  n.  12  m/sec. 
Under  this  circumstance  the  normalized  velocity 
fluctuation  is  -v  15%,  which  is  comparable  to  the 
jet  turbulent  intensity.  For  this  flame  condition 
the  flame  surface  motion  may  be  passive  and  is 
dominated  by  the  flow  field.  This  maximum  turbu¬ 
lent  velocity  is  approximately  four  to  five  times 
the  maximum  laminar  flame  velocity. 

The  rms  value  of  the  flame  fluctuation,  L,  Is 
shown  in  Fig.  4.  Since  L  is  an  rms  value,  the 
actual  range  of  the  inner  and  outer  bound  of  the 
flame  position  should  be  n,  ?.83  L.  This  range  is 
called  the  flame-brush  width  and  is  the  right-hand 
vertical  axis  in  Fig.  4.  The  dependence  of  the 
value  L  upcn  the  flame  conditions  and  axial  loca¬ 
tion  is  similar  to  that  of  the  velocity  scale.  When 
the  flame-brush  width  is  normalized  by  the  radius 
of  the  flame  cone,  the  normalized  value  is  found  to 
be  n,  20%  for  most  of  the  flame  conditions  tested. 
For  Test  Condition  No.  5--the  methane  flame  having 
an  exit  velocity  of  60  m/sec--the  above  normalized 
value  approached  58%. 
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Fig.  4  Measured  rms  value  of  flame  fluctuation. 
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Figure  5  shows  the  thermal -zone  thickness  which 
Is  defined  as  the  area  displaying  a  flame  tempera¬ 
ture  >  1300  K.  Measurements  of  the  reaction-zone 
thickness  require  a  spectroscopic  technique7  and 
were  not  attempted  In  this  study.  The  thermal  zone 
should  be  thicker  than  the  reaction  zone  since  the 
thickness  of  the  former  is  equal  to  the  thickness 
of  the  latter  plus  the  thermal -boundary- layer 
thickness.  However,  measurement  of  the  thermal - 
zone  thickness  yields  the  size  of  the  area  con¬ 
fining  the  hot  combustion  products  which  have  a 
temperature  higher  than  the  ignition  temperature. 
The  results  in  Fig.  5  clearly  indicate  that  the 
methane  flame  has  a  thicker  thermal  zone  than  the 
propane  flame,  presumably  due  to  the  higher  thermal 
diffusivity  of  methane. ’ 


Fig.  5  Thermal-zone  thickness  as  function  of 
downstream  location. 

For  Flame  Condition  No.  5,  the  thickness 
observed  was  -v  13  mm.  For  the  methane  flame  having 
a  slightly  higher  exit  velocity  of  70  m/sec,  which 
Is  very  near  blowout,  the  thermal  zone  becomes  so 
thick  that  the  entire  flame  cone  assumes  the  char¬ 
acteristics  of  distributed  combustion.  This  Is 
demonstrated  In  Fig.  6  by  the  evolution  of  the  tem¬ 
perature  profile  near  the  flame  base.  Figure  6 
clearly  shows  that  the  entire  flame  cone  Is  filled 
with  hot  combusting  gases.  Note  that  In  this  fig¬ 
ure  the  intermittent  flame  motion  Is  observed. 
When  the  flame  Is  stabilized  at  a  location  higher 
than  the  filament,  no  signal  appears.  When  the 
flame  moves  down  toward  the  filament,  the  high 
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Fig.  6  Three-dimensional  plot  of  TFP  results  for 
methar:  ha«?  at  70  r./ sec. 


temperature  zone  begins  to  appear.  This  transition 
clearly  shows  that  the  thermal  zone  Is  thick,  even 
at  the  stabilized  flame  base. 

3.3  Turbulent  Diffusivity  and  Strain  Rate 

The  measured  velocity  scale,  v',  and  the  length 
scale,  L,  can  be  used  to  determine  the  turbulent 
diffusivity  and  strain  rate  as  follows:? 


V 't 

(5) 

v'/L 

(6) 

Figure  7  shows  the  turbulent-diffusivity  results 
and  Fig.  8  contains  strain-rate  results.  Since  at 
a  high  jet  velocity  the  flame  base  for  the  methane 
flame  could  not  qualify  as  an  Ideal  flamelet,  the 
quality  of  the  data  for  the  methane  flame  Is  lower 
than  that  for  the  propane  flame.  In  addition,  the 
total  number  of  profiles  sampled  at  each  location 
is  only  720,  which  could  constitute  under-sampling. 
This  Is  especially  true  for  the  diffusivity  and 
strain-rate  calculations  which  are  composed  of  two 
measured  data  quantities.  Therefore,  the  data  pre¬ 
sented  In  this  section  should  not  be  considered 
benchmark  results.  Instead,  attention  should  be 
focused  on  the  trend  and  ranges  of  the  results. 
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Fig.  7  Turbulent  diffusivity  associated  with 
turbulent-flame-surface  motion. 
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With  the  critical  liftoff  velocity,  the  turbu¬ 
lent  diffusivity  at  the  liftoff  height  for  the  pro¬ 
pane  flame  is  n»  2  cm2/sec  and  for  the  methane  flame 
%  10  cnr/sec.  Figure  7  shows  that  turbulent  diffu¬ 
sivity  consistently  Increases  with  an  increase  in 
the  jet  velocity  and  downstream  location.  However, 
the  strain  rate  sustained  by  the  flame  surface 
remains  relatively  constant,  as  seen  in  Fig.  8. 
For  the  propane  flame,  the  strain  rate  for  the 
lifted  flame  remains  at  a.  350  1/sec  which  is  lower 
than  that  for  the  attached  flame  at  the  critical 
liftoff  velocity.  For  the  methane  flame  the  strain 
rate  for  the  lifted  flame  remains  at  n,  540  1/sec 
which  is  higher  than  that  for  the  attached  flame  at 
the  critical  liftoff  velocity.  It  appears  that  the 
flame  sustains  a  certain  strain  rate  over  a  wide 
range  of  flame  conditions. 

3.4  Crossing  Frequency  of  the  Flame  Surface 

As  discussed  In  Ref.  2,  the  flame  can  affect  the 
flow  just  as  tne  flow  can  affect  the  flame  behav¬ 
ior.  This  is  evident  in  the  results  of  the  cross¬ 
ing  frequency  which  is  defined  as  the  frequency  at 
which  the  flame  front  crosses  its  mean  position. 
Before  reaching  the  end  of  the  potential  core,  the 
jet-shear-layer  structure  becomes  larger  after  the 
flame  lifts.  Consequently,  the  flame  crossing  fre¬ 
quency  decreases  after  the  flame  has  lifted.  For 
the  methane  flame  the  interaction  is  strong  and  the 
structure  less  coherent,  causing  the  frequency  to 
decrease  irregularly.  However,  the  frequency  of 
the  lifted  flame  falls  between  100  and  150  Hz.  For 
the  propane  flame  in  which  the  interaction  of  the 
shear  zone  and  the  flame  zone  is  weaker,  the  fre¬ 
quency  clearly  decreases2  from  200  by  one-half  to 
100  Hz.  For  the  flame  conditions  selected  for  this 
study  which  range  from  liftoff  to  blowout,  this 
trend  remained.  The  majority  of  the  measured  fre¬ 
quency  remains  within  100  to  150  Hz,  as  shown  In 
Fig.  9. 

The  exact  reason  for  the  crossing  frequency  of 
the  methane  and  propane  flames  falling  Into  the 
range  n.  100  -  150  for  a  wide  exit-velocity  range  Is 
not  clear.  Nevertheless,  this  is  a  measure  of  the 
dominant  time  scale  over  which  the  lifted  flame 
responds  to  the  flow  modulation.  Since  the  region 
between  the  lifted  flame  base  and  the  nozzle  mouth 


Fig.  9  Measured  crossing  frequency  of  flame  sur¬ 
face  at  different  downstream  locations. 


is  a  preferred  location  for  entraining  air, 2  it  is 
physically  sound  to  take  the  liftoff  height  as  an 
important  length  scale  which  affects  flame  behav¬ 
ior.  Variation  of  liftoff  height  will  affect  air 
entrainment,  local  fuel-air  mixing  and,  thus,  flame 
stabilization.  To  quantify  the  consequence  of  this 
unsteady  flame/flow  coupling,  a  non-dimensional 
ratio  equivalent  to  the  Strouhal  number,  S^.,  can  be 
defined  as 


St  -  fh/Ue  (7) 

where  f  is  the  dominant  frequency.  In  the  above 
definition,  global  parameters  such  as  h  and  Ue  are 
used.  From  the  data  shown  in  Fig.  1,  the  Strouhal 
number  is  found  to  range  from  n.  0.10  to  0.15.  Note 
that  over  a  wide  range  of  flame  conditions,  the 
ratio  h/ll  remains  constant,  as  was  shown  in  Fig. 
1.  e 


4.0  Conclusions 


A  novel  approach  was  taken  to  characterization 
of  the  stabil ization-zone  structure  in  jet  flames. 
Methane  and  propane  flames  having  an  exit  velocity 
ranging  from  liftoff  to  near  blowout  were  examined 
and  the  results  compared.  Emphasis  in  this  study 
was  placed  on  the  measurement  of  time-varying  prop¬ 
erties  in  order  to  characterize  the  dynamic  behav¬ 
ior  related  to  flame  propagation  and  stabilization. 
The  results  are  summarized  below, 

1.  Within  the  region  from  the  flame  base  to  the 
end  of  the  blue  flame  zone,  the  thermal -zone 
thickness  and  the  velocity  and  length  scales 
associated  with  the  flame  motion  Increase  with 
respect  to  an  Increase  in  the  jet  velocity  and 
downstream  distance.  Under  the  same  jet- 
velocity  conditions,  the  methane  flame  fluctu¬ 
ates  at  higher  velocity  and  amplitude  than  the 
propane  flame. 

2.  For  the  wide  range  of  flame  conditions  tested, 
the  strain  rate  sustained  by  the  flame  seems  to 
remain  relatively  constant.  Local  flame- 
stretching  models  may  be  a  valid  approach  to 
the  study  of  flame  extinction. 

3.  Characterization  of  the  intermittent  behavior 
of  the  flaine-stabil  izatlon  zone  was  carried 
out.  The  fluctuation  of  the  liftoff  height  was 
measured  to  be  n,  20%  of  the  average  value. 

4.  Unsteady  flame/flow  coupling  results  in  a 
Strouhal  number  ranging  from  %  0.10  to  0.15. 
The  liftoff  height  is  considered  to  be  an 
important  physical  length  scale. 

5.  Approaching  the  near-blowout  condition,  the 
flame  base  fluctuates  violently  and  the  flame 
takes  on  distributed-combustion  characteris¬ 
tics. 
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Abstract 

Propagation  of  turbulent  jet  diffusion  flames  under 
various  flow  conditions  was  characterized  using  a 
Thin-Filament-Pyrometry  (TFP)  technique.  The 
flame -propagation  data  were  analyzed  by  fractal 
analysis  in  order  to  predict  the  turbulent  flame 
velocity  and  the  results  were  compared  with  measured 
values.  The  fractal  dimensions  for  diffusion  flames 
under  numerous  flow  conditions  and  at  various  loca¬ 
tions  were  found  to  have  a  mean  value  of  1.312  and 
an  rms  value  of  0.071.  In  a  comparison  of  the  pre¬ 
dicted  and  measured  velocities,  the  difference  ranged 
from  0  to  25%,  presenting  a  striking  resemblance  to 
results  obtained  on  a  premixed  flame.  The  changing 
fractal  characteristics  of  the  flame  with  respect  to 
downstream  locations  indicated  that  the  jet  flow  was 
dominant  over  the  flame  near  the  stabilized  flame 
base.  Further  downstream,  the  heat  release  of  the 
flame  became  important  and  reduced  the  fractal 
dimension  of  the  flame. 


Introduction 

The  propagation  of  various  turbulent  jet  diffusion 
flames  has  been  characterized  using  a  Thin-Filament- 
Pyrometry  (TFP)  technique1  at  high  sampling  rates. 
Time -varying  properties  (essential  elements  in  under¬ 
standing  flame/flow  mteractions)  such  as  velocity  and 
length  scales  of  the  flame  motion  have  been  directly 
measured.2-3  Through  the  flame/flow  interaction,  the 
flame  surface-one  of  the  important  time-varying 
properties-can  become  contorted.  The  topological 
complexity  of  the  contorted  flame  surface  has  been  a 
focus  of  flame  research  and  has  been  quantitatively 
described  by  means  of  fractal  analysis.4*6  Previous 
evaluation  of  the  fractal  geometry  of  flamelets  has 
been  based  on  tomography  or  visualization  techniques 
which  employ  seed  particles  to  mark  the  flame  sur- 
face.4-6-7*  The  fidelity  of  these  approaches  depends 
upon  the  particles  used,  the  type  of  flame  studied,  and 
the  flame  conditions. 

In  this  study  a  novel  approach  is  introduced  for 
evaluating  the  fractal  dimension;  this  scheme  utilizes 
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the  flame  surface  defined  by  the  instantaneous  tem¬ 
perature  profile  captured  by  the  TFP  technique  at  high 
sampling  rates.  In  this  method  the  entire  tempera¬ 
ture  profile  is  curve-fitted  to  determine  the  location  of 
the  maximum  temperature-presumably  the  flame 
surface.  Since  temperature  information  on  the  entire 
flame  surface  is  utilized  in  the  fitting  process,  this 
approach  ensures  that  the  flame  position  determined 
will  be  the  most  accurate  one  possible  under  limited 
pixel  resolution.  The  fitting  process  also  avoids  the 
selection  of  a  threshold  value  and,  therefore,  decreases 
the  number  of  possible  systematic  errors.  A  box¬ 
counting  scheme  was  used  to  evaluate  the  fractal 
dimension  of  the  time  series  of  the  recorded  flame 
position  under  various  flame  conditions. 

One  of  the  major  reasons  for  measuring  the  fractal 
characteristics  of  a  turbulent  flame  is  to  permit  model¬ 
ing  of  its  speed.  Since  the  near  field  of  the  lifted 
flame  may  be  premixed  in  character,  the  model  sug¬ 
gested  by  Gouldin7  and  considered  by  North  and 
Santavicca®  was  applied  in  calculating  the  turbulent 
flame  speed  based  on  the  measured  fractal  characteris¬ 
tics.  The  result  was  then  compared  with  the  measured 
values  which  were  directly  determined  from  the  time 
series  flame  position.  In  the  present  paper  this 
comparison  is  reported  for  a  wide  range  of  flame  con- 
ditions-from  liftoff  to  near  blowout-to  permit  evalu¬ 
ation  of  the  capabilities  of  fractal  modeling  in  the  case 
of  turbulent  jet  diffusion  flames. 


Experimental 

Flow  Conditions 

The  fuel  jet  employed  in  this  study  consisted  of  a 
short,  tapered  5-mm-id  nozzle.  The  annular  air  flow 
was  confined  by  a  25-cm  duct  having  a  fixed  coflow¬ 
ing  velocity  of  15  cm/sec.  The  fuels  used  in  this  study 
were  propane  and  methane,  with  jet  velocities  ranging 
from  flame  liftoff  to  near  blowout.  The  jet  velocities 
varied  from  29  to  60  m/sec,  corresponding  to 
Reynolds  numbers  ranging  from  12,000  to  43,000. 
The  locations  chosen  for  temperature  measurement 
were  in  the  near-field  region  from  the  flame  base  to 
the  end  of  the  blue-flame  zone.  In  this  region  the 
shear  layer  and  flame  surface  interact  strongly,  and 
deformation  of  the  flame  surface  under  the  influence 
of  the  vortical  shear  layer  can  be  studied. 
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The  thin-filament  pyrometer  used  in  this  experi¬ 
ment  has  been  described  in  detail  previously;1  its 
special  features  include  high  spatial  resolution,  fast 
temporal  response,  and  ability  to  measure  temperature 
distribution  along  a  line  rathe*  than  at  a  point  The 
thermal  properties  of  the  filament  and  the  calibration 
procedure  for  obtaining  the  temperature  from  the  mea¬ 
sured  blackbody  radiation  are  also  described  in  Ref.  1. 
In  the  present  study,  the  filament  was  utilized  to  trace 
the  motion  of  the  flame.  The  signal  strength  was  mea¬ 
sured  but  the  true  temperature  was  not  calculated, 
thus  avoiding  a  complicated  calibration  procedure. 

The  filament  is  -  10  pm  in  diam.  and  is  held  by  a 
"IT-shaped  steel  strip  under  proper  tension.  The  span 
of  the  holder  is  -  12  cm,  which  covers  the  tlame 
diameter.  When  placed  in  the  flame,  the  filament 
became  visibly  “hot  red”  emitting  blackbody  radiation 
which  was  imaged  onto  a  single  InGaAs  photodiode 
detector  through  the  use  of  a  rotating  mirror,  as  dem¬ 
onstrated  in  Fig.  1.  While  the  line  image  of  the  fila¬ 
ment  radiation  was  sequentially  imaged,  512  pixels 
were  digitized  and  acquired  during  each  gated  scan. 
For  a  fixed  optical  layout,  the  physical  length  scanned 
can  be  adjusted  by  changing  the  mirror  scan  rate  and 
the  digitization  rate.  This  scanned  length  divided  by 
512  yields  the  pixel  resolution.  Since  this  study  cov¬ 
ered  a  wide  range  of  flow  conditions,  the  pixel  resolu¬ 
tion  was  varied  from  60  to  1 50  pm. 


Fig.  1.  Schematic  diagram  of  optical  layout  of 
Thin-Filament-Pyrometry  (TFP)  technique. 


Even  under  liftoff  conditions,  the  flame  could  be 
described  as  flame  let- like.  Since  round  diffusion 
flamelets  exhibit  two  near-Gaussian  peaks  when  inter¬ 
cepted  by  the  filament,  the  TFP  signal  can  be  fitted  by 


functions  comprised  of  two  Gaussians  and  a  back¬ 
ground  value 

F(y)  =  at  exp{-0.5  [(y-a2)/a3J  2)  +a4 

+  a5exp{-0.5[(y-a6)/a7]2)  (1) 

where  the  amplitude  of  the  two  peaks  is  given  by  a, 
and  aj,  their  location  by  a^  and  a6,  their  width  by  a, 
and  a7,  and  their  background  by  a4.  This  fitting  pro¬ 
cess  improves  the  accuracy  with  which  the  peak  (pre¬ 
sumably  the  flame  location)  is  located  and  avoids  the 
difficulty  associated  with  selecting  a  convention  for 
determining  the  width.  In  Eq.  (1),  y  has  the  same 
dimension  as  the  pixel  number  and  can  be  convened 
to  a  physical  dimension  through  the  known  pixel  reso¬ 
lution.  It  was  crucial  to  ensure  that  each  flame  surface 
would  be  covered  by  at  least  20  to  40  pixels.  An 
example  of  a  plot  of  the  measured  signal  (along  the 
filament)  and  its  fitted  function  is  shown  in  Fig.  2. 


PIXEL  NUMBER 


Fig.  2.  Typical  TFP  signal  across  diffusion  flame; 
dots  -  measured  values,  solid  line  -  fitted 
results. 

The  fitting  process  allows  the  motion  of  the  flame 
surface  to  be  captured,  even  if  its  movement  is  less 
than  the  pixel  size.  This  improvement  in  spatial  reso¬ 
lution  is  important  to  the  fractal  evaluation  of  the 
flame  surface.  The  fitted  function  is  stored  for  each 
scan;  these  functions  form  a  time  series  which  pro¬ 
vides  the  instantaneous  flame  position,  radial  flame 
velocity,  and  flame  thickness.  Figure  3  is  an  example 
of  the  flame  position  captured  as  a  function  of  time. 
The  flame  trace  shows  the  small-scale  wiggle  of  the 
flame  motion  and  the  richness  of  the  frequency  con¬ 
tent. 

The  fractal  dimension  of  the  time-series  trace  was 
calculated  using  both  the  box-counting9  and  the 
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Fig.  3.  Time-series  trace  of  flame  position. 

fractal-dust4  methods.  It  was  found  that  the  box¬ 
counting  scheme  is  straightforward,  as  described  by 
Strahle  and  Jagoda.9  and  requires  less  computation 
time  than  the  fractal-dust  method.  In  addition,  the 
box-counting  method  does  not  requite  one  to  select 
the  position  at  which  analysis  should  be  performed-a 
definite  disadvantage  of  the  fractal-dust  method.4  The 
above  advantages  make  the  box-counting  scheme  an 
ideal  choice  for  performing  calculations  on  massive 
amount  of  data. 


Results  and  Discussion 

A  typical  result  of  performing  a  box-counting 
analysis  is  shown  in  Fig.  4  where  log[N(e)]  is  plotted 
as  function  of  log(e).  The  slope  is  -  D,  where  D  is  the 
fractal  dimension.79  In  this  case  D  is  measured  to  be 
1.39,  as  indicated  by  the  solid  line.  In  this  study  over 
300  sets  of  time -series  flame  traces  were  made  under 
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Fig.  4.  Plot  of  log(N(e)]  vs  log(e). 


a  variety  of  flame  conditions  and  at  numerous  axial 
locations.  The  measured  fractal  dimensions  for  these 
conditions  were  compiled  to  form  a  probability  distri¬ 
bution  function  (PDF).  From  this  PDF  (shown  in  Fig. 
5),  the  mean  value  of  the  fractal  dimension  was  calcu¬ 
lated  to  be  1.312  and  its  standard  deviation,  0.071. 
These  results  compared  favorably  with  those  obtained 
by  Mantzaras,  et  ai..6  in  their  engine-flame  study.  The 
value  chosen  by  Gouldin,  1.37.7  is  within  the  range  of 
the  standard  deviation  obtained  in  this  study. 


FRACTAL  DIMENSION,  D 


Fig.  5.  Probability  distribution  function  of  measured 
fractal  dimensions. 

The  measured  fractal  dimension  can  be  used  to 
model  the  turbulent  flame  velocity  as  follows  :4-6-8 

(ST  /  SL)  =  (£;/£<>)  2 -°2  (2) 

where  ST  is  the  turbulent  flame  velocity,  SL  the  lami¬ 
nar  flame  velocity,  et  the  inner-cutoff  length  scale,  e 
the  outer-cutoff  length  scale,  and  D,  =  D  +  1.  The 
fractal  dimension  in  Eq.  (2)  is  available,  as  discussed 
above.  However,  measurement  of  the  inner  cutoff 
requires  the  pixel  resolution  to  be  finer  than  the 
Kolmogorov  scale.  Therefore,  the  inner-cutoff  length 
was  assumed  to  be  the  laminar  flame  thickness.8  0. 1 
mm.  The  outer-cutoff  length  was  assumed  to  be 
equivalent  to  the  integral  length  scale  of  the  radial 
flame  fluctuation  which  is  the  rms  value  of  the  flame 
position  reported  previously.^  The  isotropic 
assumption1®  of  the  flame  surface  required  in  the  frac¬ 
tal  analysis  was  also  adapted-but  with  the  realization 
that  this  assumption  may  be  more  valid  in  a  premixed 
than  in  a  diffusion  flame. 

By  applying  Eq.  (2)  and  the  associated  assump¬ 
tions,  the  ratio  of  turbulent  to  laminar  flame  velocities 
was  obtained  and  the  velocities  compared  with  those 
directly  measured  by  the  TFP  technique.  Comparisons 
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of  the  measured  and  predicted  flame  velocities  as  a 
function  of  downstream  location  for  various  flame 
conditions  are  shown  in  Figs.  6-7.  Since  the  liftoff 


Z(mm) 

Fig.  6.  Plots  of  measured  and  predicted  turbulent 
flame  velocity  as  function  of  downstream 
location  for  lifted  methane  diffusion  flames 
at  various  jet  exit  velocities. 


I  (mm) 


Fig.  7.  Plots  of  measured  and  predicted  turbulent 
flame  velocity  as  function  of  downstream 
location  for  lifted  propane  diffusion  flames 
at  various  jet  exit  velocities. 

height  of  the  diffusion  flame  changes  with  jet 
velocity,  the  measurement  locations  for  Figs.  6-7  vary 
accordingly.  Because  the  flame/flow  interaction  of 
the  methane  flame  is  stronger  than  that  of  the  propane 
flame,  the  results  for  the  former  will  be  examined 
first.  Figure  6(a)  shows  that  for  a  lifted  methane 
flame  with  a  40-m/sec  jet  velocity,  the  flame 
velocities  predicted  using  Eq.  (2)  are  ~  15%  higher 
than  those  measured.  For  a  50-m/sec  jet  velocity, 
excellent  agreement  between  predicted  and  measured 
values  was  obtained,  as  shown  in  Fig.  6(b).  Such 
comparison  for  a  60-m/sec  jet  velocity  indicates  that 
the  model  underpredicts  by  -  25%  the  flame 
velocities  shown  in  Fig.  6(c).  For  a  propane  flame 
with  a  jet  velocity  of  29  m/sec  [Fig.  7(a)],  the  model 
overpredicts  the  velocities  with  a  100%  error  at  z  =  70 
mm  where  the  flame  base  is  stabilized.  Near  z  =  100 
mm,  however,  the  predicted  and  measured  velocities 
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show  good  agreement.  For  the  case  of  a  propane 
flame  with  a  jet  velocity  of  38  m/sec  [Fig.  7(b)],  the 
model  overpredicts  the  flame  velocity  by  -  20%; 
these  results  are  similar  to  those  for  a  methane  flame 
having  a  jet  velocity  of  40  m/sec  [Fig.  6(a)]. 

Except  for  the  case  of  a  propane  flame  with  a  jet 
velocity  of  29  m/sec,  the  generally  favorable  compari¬ 
son  between  predicted  and  measured  turbulent  flame 
velocities  is  very  encouraging,  the  difference  ranging 
from  0  to  25%.  The  sizable  difference  for  the  case  of 
a  propane  flame  with  a  29-m/sec  jet  velocity  may  be 
due  to  a  large  deviation  from  the  isotropic  condition. 
The  moderate  difference  for  the  case  of  a  60-m/sec 
methane  flame  may  be  attributable  to  the  flame  zone 
having  developed  more  holes  and  intermittently 
become  thicker.  Under  these  circumstances,  the  fit¬ 
ting  process  which  employs  a  Gaussian  shape  for  fit¬ 
ting  a  temperature  profile  across  the  flame  surface  is 
subject  to  a  higher  failure  rate. 

The  experimental  study  of  premixed  flames  by 
North  and  Santavicca8  indicated  that  the  model  over- 
predicts  the  flame  speed  by  -  10  to  20%  for  values  of 
ST/S,  ranging  from  2  to  4.  In  addition,  further  ana  ,y- 
sis  of  Eq.  (2)  indicates  that  a  calculation  error  of  0.07 
(-  5  %)  in  determining  D  will  result  in  a  prediction 
which  differs  by  17  -  32%  over  the  range  of  fluctua¬ 
tion  length  scales  measured  (1-5  mm).  Agreement 
between  prediction  and  direct  measurement  of  the  tur¬ 
bulent  flame  velocity  is  very  satisfactory,  considering 
the  isotropic  assumption  for  the  near  field  of  the  diffu¬ 
sion  flame,  the  assumed  constant  inner-cutoff  length 
scale,  and  the  application  of  the  flame-speed  concepts 
to  a  diffusion  flame. 

The  changing  fractal  characteristics  of  the  diffu¬ 
sion  flame  with  respect  to  the  jet-flowfield  develop¬ 
ment  can  be  examined  in  Fig.  8  which  depicts  the 
correlation  of  the  rms  fluctuation  and  the  fractal 


Fig.  8.  Correlation  of  fractal  dimension  and  rms 
fluctuation  of  flame-surface  motion  for 
methane  flames. 


dimension  of  the  flame  motion.  Ln  the  near-field 
region,  the  rms  fluctuation  of  the  flame  motion 
increases  with  downstream  distance,  indicating 
increasing  flame/flow  interactions.  In  the  flame/flow 
interaction  process,  the  flow  turbulence  tends  to  con¬ 
tort  the  flame  surface,  whereas  the  heat  release  from 
the  flame  surface  and  associated  buoyancy  effects 
tends  to  smooth  the  flow  turbulence.  This  is  particu¬ 
larly  true  in  the  premixed  flame  case  where  the  flame 
has  its  own  propagation  velocity  which  contributes  to 
the  determination  of  the  flame  structure  and,  in  turn, 
the  fractal  dimension.  However,  in  the  case  of  the 
non-premixed  flame,  the  flame  surface  is  generally 
believed  to  be  passive.  If  the  flame  is  completely  pas¬ 
sive,  then  the  flow  may  contort  the  flame  surface  and 
increase  its  fractal  dimension  to  a  point  where  it 
approaches  that  of  the  velocity  field.  Contrary  to  this 
general  belief,  the  fractal  dimension  shows  a  negative 
correlation  with  the  rms  fluctuation.  It  was  found  that 
near  the  stabilized  flame  base,  the  jet  flow  is  dominant 
and  contorts  the  flame  surface  to  a  higher  fractal 
dimension.  In  this  case,  the  flame  is  commonly  con¬ 
sidered  to  be  passive.  While  approaching  downstream 
locations,  the  thermal  layer  develops  to  a  higher 
degree  around  the  flame  surface,  and  the  jet  shear 
stresses  decrease.  Therefore,  the  flame  may  be  able  to 
play  a  more  active  role  in  smoothing  the  flow  turbu¬ 
lence  and  reducing  the  fractal  dimension,  as  shown  in 
Fig.  8;  this  may  be  the  direct  result  of  the  premixing 
which  occurs  upstream,  near  the  lifted  flame  base. 

Finally,  the  capability  to  observe  changing  topo¬ 
logical  characteristics  using  fractal  analysis  has  been 
successfully  demonstrated  in  this  study.  The  impli¬ 
cations  of  the  similarity  in  the  non-passive  flame 
behavior  in  premixed  and  non-pren.ixed  flames  merit 
further  study. 

Conclusions 

The  propagation  of  turbulent  jet  diffusion  flames 
has  been  characterized  using  a  high-sampling-rate 
TFP  technique.  The  instantaneous  temperature  profile 
which  is  directly  associated  with  the  flame  has  been 
utilized  to  investigate  turbulent  behavior.  Because  of 
the  high-sampling-rate  capability  of  this  technique, 
the  velocity  and  length  scales  of  the  turbulent  flame 
motion  were  measured  directly.  Fractal  analysis  was 
applied  to  the  time-series  trace  of  the  flame  position  to 
obtain  the  fractal  dimension  of  the  flame  surface.  The 
measured  fractal  dimensions  were  used  to  predict  the 
turbulent  flame  velocity  which  was  then  compared 
with  measured  values.  From  this  study,  the  following 
conclusions  have  been  drawn: 


1.  The  box -counting  method  is  an  ideal  tool  for  per¬ 
forming  fractal  analysis  of  turbulent  signals,  espe¬ 
cially  when  automation  is  needed  to  handle 
massive  amounts  of  data.  This  technique  was  used 
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to  analyze  diffusion-flame  results  for  various 
flow  conditions  and  axial  locations.  The  fractal 
dimensions  from  over  300  sets  of  data  were  com¬ 
piled  to  form  a  PDF  which  displayed  a  mean  value 
of  1312  and  an  rms  value  of  0.071. 

2.  Although  elaborate  assumptions  were  made  in  uti¬ 
lizing  fractal  theory  to  predict  the  turbulent  flame 
velocity,  comparisons  with  the  directly  measured 
flame  velocity  were  generally  favorable,  with  a 
difference  of  -  0  -  25%.  This  behavior  bore  a 
staking  resemblance  to  results  on  a  premixed 
flame.  The  implication  of  this  similarity  merits 
further  study. 

3,  Near  the  stabilized  flame  base,  the  jet  flow  was 
dominant  over  the  flame,  resulting  in  a  higher  frac¬ 
tal  dimension  for  the  flame  surface.  Further  down¬ 
stream,  however,  the  effects  of  heat  release  upon 
flow  turbulence  became  important.  As  a  result,  the 
flame  was  able  to  play  a  more  active  role,  smooth¬ 
ing  the  flow  turbulence  and  reducing  the  fractal 
dimension. 
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Abstract 

Joint  reactive-Mie-scattering  and  planar- 
laser-induced-fluorescence  techniques  have 

been  employed  to  study  the  impact  of  jet-shear- 
layer  development  upon  flame  behavior.  The 

complete  penetration  of  the  shear-layer  vortex 
through  the  flame  surface  has  been  successfully 
captured  by  planar  imaging  techniques.  The 

degree  of  flame/flow  interaction  varies  with 
respect  to  a  wide  range  of  flame  conditions  and 
results  in  observation  of  three  different  types  of 
flame  zones-flamelets,  multiple  flamelets,  and 
thick  flame  zones.  The  probability  of  observing 
the  different  types  of  flame  behavior  was  mea¬ 
sured,  and  the  results  are  presented.  Analysis  of 
the  probability  data  indicates  that  the  rms  flame 
fluctuation,  L,  provides  a  proper  length  scale  for 
studying  the  statistical  behavior  of  the  flame. 

Significant  changes  in  the  flame  behavior  were 
observed  to  occur  at  two  critical  values  of  L-the 
minimal  thermal  thickness  (1  mm)  and  the  noz¬ 
zle  diameter  (3  mm). 

Introduction 

Knowledge  of  the  detailed  flame/flow 
interaction  is  an  important  key  in  understanding 
flame  stabilization  or  lifting  mechanisms  for  jet 
diffusion  flames  under  attached  or  lifted  flow 
conditions.  Three  different  theories1  have  been 
applied  to  explain  flame  lifting:  1)  the  laminar 
flameiet  model,2  2)  the  premixed  combustion 
model,3  and  3)  the  large-scale  structural-mixing 
model.4-*  Although  each  of  these  models  was 
established  through  sound  experimental  and 
theoretical  efforts,  under  many  circumstances 
they  contradict  each  other.  The  disagreement 
between  the  various  theories  may  be  due,  in 
part,  to  the  vast  differences  in  the  turbulence 
states  of  mixing  processes  in  the  jet  flowfleld 
which  result  from  the  development  of  large- 
scale  vortices.  As  an  example,  earlier  work  of 
Shekarchi,  tt  aU  indicated  that  the  mechanisms 
for  flame  lifting  were  the  same,  regardless  of  the 
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fuel,  for  a  taper  nozzle  jet  exhibiting  a  flat 
velocity  profile.  However,  it  has  been  experi¬ 
mentally  observed  that  this  is  not  the  case  for  a 
methane  flame  .••*  The  observed  difference  in 
lifting  characteristics  between  the  methane  and 
propane  flames  in  this  study  was  attributed  to 
the  difference  in  the  degree  of  interaction  of 
vortices  formed  from  the  fuel  jet  and  the  flame 
surface.  Thus,  a  complete  characterization  of 
this  interaction  can  aid  in  understanding  flame- 
lifting  mechanisms. 

The  Planar-Laser-Induced-Fluorescence1 0 
(PLIF)  and  Reactive  Mie  Scattering11  (RMS) 
techniques  were  employed  in  the  present  study 
to  characterize  the  flame/flow  interactions  of 
turbulent  jet  diffusion  flames.  For  the  PLIF 
technique,  the  OH-radical  fluorescence  was  uti¬ 
lized;  the  existence  of  the  OH  radical  is  an  indica¬ 
tor  of  the  ongoing  combustion  processes  and  can 
mark  the  area  of  the  thermal  zone.  For  the  RMS 
technique,  Ti02  seed  particles  formed  by  the 
reaction  of  TiCL  with  water  were  used  for  Mie 
scattering.  When  properly  introduced  into  the 
fuel  jet,  TiCU  will  form  TiOj  in  the  fuel  mixing 
layer.  By  tracking  the  vortex  motion  with  Mie 
scattering  and  marking  the  flame  zone  by  OH 
fluorescence,  the  impact  of  flow  turbulence  upon 
flame  behavior  can  be  observed.  By  statistically 
analyzing  the  experimentally  observed  OH  pro¬ 
files,  the  thickness  of  the  thermal  zone,  the 
magnitude  of  the  flame  fluctuation,  and  the 
probability  of  observing  flamelets,  thick  flame 
zones,  and  holes  can  be  determined.  This  analy¬ 
sis  allows  evaluation  of  the  dependence  of  the 
statistical  flame  properties  upon  the  flame/flow 
interaction. 

Experimental 

Flow  Conditions 

The  fuel  jet  employed  in  this  study  con¬ 
sisted  of  a  short,  tapered  5-mm-id  nozzle  sur¬ 
rounded  by  a  25-cm  annular  air  duct.  The  con¬ 
traction  ratio  of  the  contoured  nozzle  was  20  to  I 
and  waa  designed  to  yield  a  flat  exit-velocity 
profile.  The  exit  velocity  of  the  annular  air  flow 
was  fixed  at  15  cm/sec.  The  fuels  employed  for 
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this  study  included  propane  and  methane,  with 
jet  velocities  ranging  from  flame  liftoff  to  near¬ 
blowout.  The  critical  liftoff  velocity  for  the 
propane  flame  was  measured  to  be  19.5  m/s  and 
that  for  the  methane  flame  to  be  29.0  m/s. 
Under  the  critical  liftoff  condition,  the  flame  can 
be  either  attached  or  lifted.  The  measurement 
locations  were  chosen  in  the  near-field  region 
from  the  flame  base  up  to  60  jet  diameters 
downstream,  x/d  =  60.  In  this  region  the  fuel-jet 
shear  layer  and  flame  surface  interact  strongly, 
allowing  the  deformation  of  the  flame  surface  to 
be  studied. 

Diagnostic  Techniques 

The  optical  setup  utilized  in  this  study  for 
joint  RMS/OH-PLIF  measurements  is  shown  in 
Fig.  1.  A  Quanta-Ray  DCR-3:PDL:  WEX  laser  sys¬ 
tem  was  employed  to  produce  the  UV  radiation 
needed  to  excite  the  (0,1)  transition  of  the  OH 
radical.  The  UV  beam  of  283-nm  wavelength 
was  passed  through  sheet-forming  optics  and 
directed  through  the  flame  zone.  Laser-induced 
fluorescence  from  the  OH  radical  was  observed 
at  right  angles  to  the  laser  sheet  by  an  intensi¬ 
fied  two-dimensional  CCD  camera  (Photometries 
CC200).  The  384  x  576  pixel  density  of  the  CCD 
camera  combined  with  the  optical  arrangement 
resulted  in  a  98-  um/pixel  spatial  resolution 
which  allowed  observation  of  a  37.5  x  55  mm 
area  of  the  fla  ne. 

Joint  RMS/OH-PLIF  measurements  were 
made  by  introducing  a  small  amount  of  TiCU 
into  the  gaseous  fuel.  TiCU  reacts  with  water 
formed  as  a  combustion  byproduct  to  produce 
small  seed  particles  which  can  scatter  laser  light. 
Care  was  taken  to  ensure  that  the  seed  concen¬ 
tration  was  maintained  at  a  low  level  such  that 
the  OH  fluorescence  signal  would  not  be  over¬ 
whelmed  by  the  Mie  scattering  signal.  In  this 
arrangement  the  Mie-scattering  and  OH-PLIF 
signals  are  observed  simultaneously  by  a  single 
camera  system.  For  independent  OH-PLIF  mea¬ 
surements,  a  spike  filter  with  30%  efficiency 
centered  at  314  nm,  half-width  of  10  nm,  was 


Fig.  1.  Optical  arrangement  of  joint  PRMS/OH- 
PLIF  systems. 


used  to  filter  out  the  Mie  scattering  from  the 
dust  particles  and  soot.  For  most  flame  condi¬ 
tions  tested,  the  flame  base  was  blue  in  color, 
and  soot  emission  was  not  observed  to  be  a 
problem. 

Dissipation  Calculation 

One  of  the  natural  candidates  for  examin¬ 
ing  the  degree  of  flame/flow  interaction  is  mea¬ 
surement  of  the  scalar  dissipation  involved  in 
the  combustion  process.  The  presence  of  the  OH 
radical  marks  the  thermal  zone  which--for  the 
case  of  a  diffusion  flame--includes  the  reaction 
zone.  The  absence  of  the  OH  radical  in  a  cross 
section  of  the  flame  surface  thus  represents 
possible  flame  extinction.  Calculation  of  the  dis¬ 
sipation  of  the  OH  radical  was  carried  out  for  the 
experimental  OH  images  as:1213 

X  =  2D  [(dS/dx)2  +  (dS/dy)2]  (1) 

where  D  is  the  diffusion  coefficient,  S  the 
measured  OH  signal,  d  the  differential  operator, 
and  x  and  y  the  ordinate  of  vertical  and 
horizontal  direction. 

Probability  Analysis 

For  constructing  a  statistical  description  of 
the  flame  properties,  hundreds  of  scalar  mea¬ 
surements  are  required.  This  can  constitute  a 
problem  in  the  case  of  two-dimensional  imaging 
techniques  due  to  the  massive  amount  of  data 
required  (443  KBytes  of  information  per  image). 
To  alleviate  this  problem,  a  line  image  system 
was  employed.  In  this  case  the  laser  excitation 
beam  is  mildly  focused  into  a  cylinder  or  line, 
the  fluorescence  from  which  is  captured  by  a 
1024-element  intensified  diode  array  system. 
For  each  flame  condition,  several  axial  locations 
were  chosen  for  measurement.  At  each  axial 
location,  750  line  images  were  taken  and  stored 
for  analysis.  Because  the  laser-excitation  line 
intercepts  the  flame  axis  perpendicularly,  it 
crosses  the  flame  zone  twice.  Since  the  radial 
flame  fluctuation  is  small  compared  to  the  jet 
flame  diameter,  disappearance  of  the  OH-fluo- 
rescence  signal  cannot  be  due  to  drifting  of  the 
flame.  Absence  of  the  OH  signal  in  an  area 
where  the  flame  surface  should  be  located  could 
be  due  only  to  flame  extinction  or  hole  forma¬ 
tion.  The  experimentally  observed  thermal 
zones  were  of  three  types:  thin  flamelets  (-  1 
mm  in  thickness),  multiple  flame  zones,  and 
thick  flame  zones.  By  counting  the  number  of 
times  each  of  these  zones  was  observed,  the 
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probability  of  their  occurrence  could  be  deter¬ 
mined: 

Probability  =  (event  count)/Ni  (2) 

where  Ni  is  the  number  of  line  images  collected 
(750  in  this  study). 

Result  and  Discussion 

Local  Extinction  and  Non-Flamelet  Behavior 

Evidence  for  discontinuities  (or  holes)  in 
the  flame  sheet  of  jet  diffusion  flames  has  been 
reported  by  several  groups1 '•14‘16.  The  exis¬ 
tence  of  holes  in  the  flame  surface  is  thought  to 
be  a  result  of  the  penetration  of  the  flame  by 
vortices  formed  by  the  fuel  jet.  Since  flame- 
stabilization  behavior  is  linked  to  the  evolution 
of  these  vortices,1-17  an  experimental  investiga¬ 
tion  was  initiated  to  study  the  flame/flow  inter¬ 
actions. 

Figure  2  is  a  joint  RMS/OH-PLIF  image 
taken  in  the  near  field  of  an  attached  CH4  diffu¬ 
sion  flame  at  the  critical  liftoff  velocity.  The 
vortex  penetration  through  the  flame  surface  can 
be  clearly  seen  in  this  figure.  The  flame  surface, 
indicated  by  the  outer  OH  fluorescence,  displays 
an  area  of  local  extinction  which  corresponds  to 
the  size  of  the  penetrating  vortex  which  is 
marked  by  the  inner  Mie  scattering  associated 
with  the  fuel  jet.  In  this  particular  case  the 
propagation  of  the  flame  surface  is  passive  and 
dominated  by  the  vortex  motion  which  is  driven 
by  the  fuel  jet.  However,  for  most  jet  diffusion 
flames,  the  flame  surface  and  shear  layer  are 
well  separated.  M-18  In  the  methane-flame  case, 
however,  this  separation  is  less  than  in  the 
propane-flame  case,  resulting  in  a  stronger 
flame/flow  interaction.  In  addition,  the  density 
of  the  methane  jet  is  lower  than  that  of  the  co¬ 
flowing  air  and,  thus,  the  shear-layer  vortex  has 
a  higher  probability  of  spinning  out  and  interact¬ 
ing  with  the  flame.  As  a  result,  the  methane 
flame  displays  a  higher  probability  for  hole  for¬ 
mation  than  the  propane  flame  at  the  critical 
liftoff  jet  velocity.  The  high  probability  of  hole 
formation  at  a  location  -  60  mm  downstream 
causes  the  methane  flame  to  split  before  com¬ 
plete  lifting  occurs. 

Seven  large  vortices  can  be  identified  in 
the  RMS/OH-PLIF  image  displayed  in  Fig.  2.  Of 
these  seven,  the  flame  surface  is  distorted  by 
only  three.  The  other  four  have  little  effect  upon 
the  flame  surface  due  to  their  greater  separation 
from  the  surface  which  reduces  the  strength  of 
the  interaction.  As  a  result,  the  flame  surface 
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Fig.  2.  Image  of  penetration  of  vortex  through 
surface  of  CH4  diffusion  flame  under 
critical  liftoff  condition;  flame  surface  is 
marked  by  OH  fluorescence  and  the  jet 
by  Mie  scattering. 

fluctuates  at  a  frequency  which  is  lower  than 
that  of  vortex  shedding.  This  result  is  consistent 
with  those  of  previous  studies  which  found  that 
the  flame  surface  fluctuates  in  the  frequency 
range  -  50  to  125  Hz.  Based  upon  the  liftoff 
height,  jet  exit  velocity,  and  flame-crossing  fre¬ 
quency,  the  values  of  the  Strouhal  number  for 
this  flame  were  determined  to  be  -  0.10  -  0.15. 19 

As  can  be  seen  from  Fig.  2,  the  thermal 
zone  thickness  remains  fairly  constant,  -  1  mm, 
at  the  flame  base  for  both  the  propane  and 
methane  flames  operating  under  the  critical 
liftoff  condition.  The  slow  growth  of  the  thermal 
zone  was  also  observed  by  Schefer,  et  alJ5  The 
OH  zone  thickness  for  the  laminar  propane  and 
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methane  flames  was  experimentally  measured, 
and  the  smallest  value  was  found  to  be  2  mm. 
As  the  jet  velocity  increases  beyond  flame  liftoff, 
the  interaction  between  the  flame  and  the  vortex 
layer  becomes  stronger,  resulting  in  an  increase 
in  the  probability  that  local  extinction  (hole)  will 
occur  at  the  flame  surface.  In  this  case,  the 
flame  attempts  to  stabilize  at  a  downstream 
location  where  the  interaction  is  weaker.  Under 
the  near-blowout  condition,  the  flame  base  is 
stabilized  far  downstream  where  fuel-air  mixing 
is  nearly  complete.  This  results  in  a  premixed 
combustion  zone  which  tends  to  wrap  around  the 
vortices  and  is  thick  in  nature.  In  this  region 
tri brachial  flames20  may  exist,  which  can  also 
contribute  to  a  thick  thermal  zone.  The  mea¬ 
sured  thickness  of  the  OH  zone  near  the  flame 
base  under  this  condition  varies  from  -  1  lo  3  cm 
which  compared  favorably  with  previous  tem¬ 
perature  results.8 

Figures  3-5  depict  planar  OH  images  and 
their  associated  dissipation  at  the  base  of  a  lifted 
methane  flame  operated  under  near-blowout 
conditions.  Under  this  condition  flamelets  of  1 
mm  thickness  can  still  be  observed  but  with  a 
lower  probability.  The  observed  flame-base 
structure  can  be  divided  into  three  different 
types.  The  first  type,  shown  in  Fig.  3,  is  a  simple 
flame  tip.  The  second  is  a  thick  vortical  struc¬ 
ture,  as  is  shown  in  Fig.  4.  Two  small  non- 
burning  zones  can  be  observed  inside  the  thick 
thermal  zone.  The  t  o  zones  correspond  to 
pockets  which  are  too  fuel-rich  to  burn.21  The 
third  type  of  flame  base  is  shown  in  Fig.  5  and  is 
characterized  by  two  distinct  islands  of  combus¬ 
tion  located  outside  the  main  flame  base.  The 
associated  dissipation  map,  shown  in  Fig.  5(b), 
indicates  that  the  dissipation  rate  is  maximized 
at  the  interface  between  these  islands.  The 
wedge  shape  of  the  maximum  dissipation  area 
suggests  that  the  local  extinction  in  this  area 
may  be  due  to  excessive  stretching. 

Probability  of  Observing  Flamelets.  Holes,  and 

Thick  Zon« 

The  flames  shown  in  Figs.  4  and  5  would 
display  multiple  OH-signal  peaks  if  observed  by 
a  line  CCD  detector.  The  presence  of  such  peaks 
was  reported  in  an  earlier  study.19  The  multiple 
flame  zones  in  this  case  were  classified  as  thick 
flames. 

The  flamelets,  holes,  and  thick  OH  zones 
can  also  be  observed  at  different  downstream 
locations.  The  probability  of  observing  these 
events  is  shown  in  Figs.  6-9  for  methane  and 
propane  flames  under  the  critical  liftoff 


10  mm 

(b) 

Fig.  3(a).  First  type  of  flame  base  of  CH4  diffu¬ 
sion  flame  under  near-blowout  con¬ 
dition.  (b)  Dissipation  map  of  OH  image 
shown  in  (a). 
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10  mm 

(b) 

Fig.  4(a).  Second  type  of  flame  base  of  CH4 
diffusion  flame  under  near-blowout 
condition;  local  extinction  found  inside 
thick  thermal  zone,  (b)  Dissipation 
map  of  OH  image  shown  in  (a). 


Fig.  5(a).  Third  type  of  flame  base  of  CH4  dif¬ 
fusion  flame  under  near-blowout 
condition;  island  of  combusting  zone 
located  away  from  main  thermal  zone, 
(b)  Dissipation  map  of  OH  image 
shown  in  (a). 

condition.  Figures  6-9  depict  the  attached 
methane  flame,  lifted  methane  flame,  attached 
propane  flame,  and  lifted  propane  flame, 
respectively.  The  probability  of  observing  thin 
flamelets  is  highest  at  the  flame  base. 
Downstream,  the  probability  of  observing  holes 
and  thick  OH  zones  increases.  The  methane 
flame  displays  a  higher  probability  for 
developing  holes  than  the  propane  flame,  as 


Fig.  6.  Plot  of  probability  of  observing  flamelets,  Fig.  8.  Plot  of  probability  of  observing  flamelets, 
thick  flan.e,  and  holes  for  attached  CH4  thick  flame,  and  holes  for  attached  C3H8 

flame  under  critical  liftoff  condition.  flame  under  critical  liftoff  condition. 


Fig.  7.  Plot  of  probability  of  observing  flamelets,  Fig.  9.  Plot  of  probability  of  observing  flamelets, 
thick  flame,  and  holes  for  lifted  CH4  flame  thick  flame,  and  holes  for  lifted  C3Hg 

under  critical  liftoff  condition.  flame  under  critical  liftoff  condition. 


explained  previously.  The  fact  that  thin 
flamelets,  holes,  and  thick  flame  zones  coexist 
poses  several  challenges  for  the  modeling 
community.22'24  Comparing  Figs.  6-7  leads  one 
to  the  conclusion  that  under  the  critical  liftoff 
condition,  the  attached  and  lifted  flames  have 
the  same  probability  for  flamelets,  thick  flame 
zones,  and  holes.  This  is  primarily  due  to  the 
fact  that  the  exit  velocities  are  the  same.  This 
same  conclusion  can  be  drawn  from  the 
propane-flame  results  displayed  in  Figs.  8-9. 

At  the  300-mm  downstream  location,  the 
probability  of  observing  holes  approaches  that  of 


observing  flamelets  for  the  flow  conditions  pre¬ 
sented  in  Figs.  6-9.  Data  for  the  methane  flame, 
with  an  exit  velocity  of  40  m/s,  are  plotted  in 
Fig.  10.  As  the  jet  velocity  is  increased  the 
flame/flow  interaction  is  observed  to  become 
stronger.  The  probability  of  observing  holes  is 
higher  than  the  probability  of  observing 
flamelets  at  the  225-mm  downstream  location. 
For  a  methane  flame  with  an  exit  velocity  of  60 
m/s,  the  corresponding  location  moves  to  -  17S 
mm. 
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Fig.  10.  Plot  of  probability  of  observing  flame- 
lets,  thick  flame,  and  holes  for  lifted 
CH4  flame  with  exit  velocity  of  40  m/s. 

Statistical  Properties  of  Flame/Flow  Interactions 

As  the  flow  is  perturbed  by  large  struc¬ 
tures  in  the  jet  shear  layer,  the  flame  surface 
fluctuates  about  its  stationary  (reference)  posi¬ 
tion.  The  rms  value  of  the  flame-surface  fluc¬ 
tuation  can  be  measured  from  the  line  OH 
profiles.  This  rms  flame  fluctuation  is  denoted 
by  L  which  is  a  length  scale  denoting  the  degree 
of  the  flame/flow  interaction.  A  similar 
approach  was  employed  in  earlier  studies  to 
determine  the  degree  of  flame/flow  inter- 
action.1’19 

The  probability  data,  as  discussed  in  the 
previous  section,  indicated  that  at  the  critical 
liftoff  velocity,  the  methane  flame  has  a  higher 
probability  of  displaying  holes  than  the  propane 
flame.  This  is  due  to  the  stronger  flame/flow 
interaction  in  the  methane-flame  case.  The 
thermal  time  scale— the  ratio  of  laminar  flame 
thickness  and  laminar  flame  speed— for  the 
methane  and  propane  flames  is  practically  the 
same  (1/430  and  1/400  sec,  respectively). 
Therefore,  under  the  same  degree  of  flame/flow 
interaction,  the  probability  of  displaying  holes  or 
local  extinction  should  be  the  same.  To  pursue 
this  hypothesis,  the  probability  of  observing 
flamelett,  holes,  and  thick  flame  was  plotted  as  a 
function  of  the  rms  flame  fluctuation,  L;  the 
results  ate  displayed  in  Fig.  11. 

Data  for  the  propane  and  methane  flames 
under  critical  liftoff  conditions,  both  attached 
and  lifted,  are  summarized  in  Fig.  11.  In  addi¬ 
tion,  methane  flames  operated  beyond  the 


Fig.  11.  Correlation  between  rms  flame  fluctua¬ 
tion,  L,  and  probability  of  observing 
flamelets  and  holes  for  wide  range  of 
flame  conditions. 

flame-lifting  condition  with  jet  exit  velocities  of 
40,  SO,  and  60  m/s  are  included.  For  the  wide 
range  of  flame  conditions  studied,  the  maximum 
rms  flame  fluctuation  was  observed  to  be  <  7 
mm  for  the  flame  within  the  300-mm  down¬ 
stream  location  (x/d  <  60).  For  the  same  flame 
condition,  the  flame/flow  interaction  becomes 
stronger  (L  becomes  larger)  as  the  downstream 
location  increases.  At  a  given  downstream  loca¬ 
tion,  the  flame/flow  interaction  becomes 
stronger  with  increasing  jet  exit  velocity. 
Therefore,  use  of  L  as  the  independent  variable 
inherently  includes  the  fuel-type,  fuel-velocity, 
and  downstream-distance  dependence  of  the 
flame/flow  interaction.  Figure  11  indicates  that 
the  probability  of  observing  flamelets  decreases 
with  increasing  L  while  the  probability  of 
observing  holes  increases  with  increasing  L. 
Indeed,  the  probability  data  which  represent  a 
wide  range  of  flame  conditions  fall  within  a 
relatively  narrow  band  when  plotted  in  this 
manner. 

A  detailed  examination  of  Fig.  11  indicates 
that  there  may  be  two  important  values  of  L 
which  affect  the  statistical  properties  of  the 
flames  behavior.  The  first  is  the  minimum 
thermal  thickness  measured  to  be  -1  mm,  while 
the  second  is  the  nozzle  diameter  of  the  jet  (5 
mm).  When  L  is  smaller  than  1  mm,  the 
probability  of  observing  flamelets  and  holes  is 
constant,  1  and  0,  respectively.  When  L  is  larger 
than  1  mm,  the  probability  of  observing 
flamelets  decreases  linearly,  while  that  of 
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observing  holes  increases  linearly.  When  the 
value  of  L  reaches  -  5  nun,  the  probability  of 
observing  holes  is  greater  than  the  probability  of 
observing  flamelets. 

Conclusions 

Hydrocarbon  jet  diffusion  flames  under 
liftoff  to  blowout  conditions  have  been  char* 
acterized  using  joint  RMS/OH-PLIF  techniques. 
The  shear-layer  zone  observed  by  the  reactive- 
Mie-scattering  technique  and  the  flame  zone 
revealed  by  line  and  planar  OH  imaging  displays 
many  degrees  of  interaction.  As  a  result,  three 
different  types  of  flame  zones  are  observed** 
thin  flamelets,  multiple  flamelets,  and  thick 
flame  zones.  In  addition,  local  flame  extinction 
through  the  flame  surface  has  been  observed. 
Local  flame  extinction  can  occur  by  any  of  the 
following  mechanisms:  strong  convection,  dissi¬ 
pation,  strain,  and  heat  loss. 

The  statistical  description  of  various  types 
of  flame  zones  under  a  wide  range  of  flow  con¬ 
ditions  has  been  given  in  this  study.  From  a  sta¬ 
tistical  viewpoint,  the  following  conclusions  are 
drawn: 

•  For  both  the  methane  and  propane  flame, 
the  thinnest  flamelets  observed  are  -  1.0  mm. 
Near  the  flame  blowout  condition,  the  thermal 
thickness  of  the  flame  base  could  be  as  Is  ge  as  3 

cm. 

•  Local  extinction  inside  a  thick  thermal  zone 
and  small  packets  of  combustion  located  outside 
the  main  flame  zone  are  observed  near  the  flame 
base  when  the  flame  is  operated  near  the 
blowout  condition. 

•  The  flame/flow  interaction  for  the 
methane  flame  is  stronger  than  for  the  propane 
flame  under  the  critical  liftoff  condition.  Conse¬ 
quently,  the  methane  flame  has  a  higher  proba¬ 
bility  of  displaying  holes. 

•  Good  correlation  was  observed  between 
the  rms  flame  fluctuation,  L,  and  the  probability 
of  displaying  holes  and  flamelets  for  the 
methane  and  propane  flames.  The  statistical 
analysis  indicates  that  when  the  value  of  L 
approaches  the  nozzle  diameter,  the  probability 
of  observing  holes  in  the  flame  surface  is  higher 
than  the  probability  of  observing  flamelets.  If 
the  interaction  is  small,  such  that  L  remains  less 
than  1  nun  (the  minimal  thermal  thickness),  the 
flame  displays  thin-flamelet  behavior  and  no 
local  extinction  occurs. 
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Abstract 

A  novel  technique  has  been  developed  for  use  in  flame 
studies  to  condition  LDV  velocity  measurements  to  the 
presence  (or  absence)  of  combustion.  This  technique 
utilizes  Thin-Filament-Pyrometry  (TFP)  to  determine 
whether  combustion  gases  are  present  during  a  velocity 
measurement  by  an  LDV  system.  TFP  was  selected  for 
this  purpose  because  of  its  effective  flame-detection  capa¬ 
bility,  ease  of  implementation  with  Laser  Doppler 
Velocimetry  (LDV),  and  low  cost  The  conditioning  mea¬ 
surement  technique  was  applied  to  the  study  of  lifted 
methane  and  propane  jet  flames.  Flame  regions  which 
exhibited  the  most  pronounced  difference  between  condi¬ 
tional  and  unconditional  measurements  were  primarily 
areas  having  a  high  correlation  between  temperature  and 
velocity.  The  velocity  profiles  obtained  highlight  the  dif¬ 
ferences  between  methane  and  propane  jet  flames. 

Nomenclature 

If  Mean  axial  jet  exit  velocity 
U'.  Mean  axial  velocity  at  jet  axis  at  downstream 
location  of  liftoff  height 
Ufh  Mean  axial  velocity  at  flame  base 
u’  Root-mean-square  (ims)  axial-velocity  fluctuation 

z  Axial  ordinate 

Introduction 

Flame-lifting  and  blowout  mechanisms  remain  an 
important  subject  for  study  in  the  combustion-research 
community.  Recent  experimental  efforts  have  been 
directed  toward  the  measurement  of  scalar  dissipation 
rates  in  order  to  gain  insight  into  the  phenomena  of  local 
flame  quenching  which  can  cause  flame  lifting  and  blow¬ 
out.  Approaches  based  upon  premixed-flame  and  vortex¬ 
mixing  concepts  have  been  successfully  applied  in 
attempts  to  understand  blowout  in  s wirier-stabilized 
flames.  Here  velocity  information  is  critical  in  assessing 
the  effects  of  turbulent  mixing  upon  flame  stabilization. 

Traditional  velocity-measurement  techniques  (e.g., 
LDV)  require  introduction  of  seed  particles  into  the 


flowfield  under  study.  Particle-based  techniques  have 
been  shown  to  be  biased  in  several  ways  including  density 
weighting.1  For  accurate  measurement  of  the  velocity 
field  of  intermittent  combusting  gas  mixtures,  a  technique 
capable  of  detecting  the  presence  of  the  flame  in  the  LDV 
probe  volume  during  the  velocity  measurement  would 
allow  assessment  of  the  extent  of  biasing.  Thermocouple 
probes  are  intrusive  and  cannot  precisely  resolve  thin 
flame  sheets.  Laser  diagnostic  techniques  which  have 
been  employed  for  conditional  measurements,  i.e., 
combined  Coherent  Anti-Stokes  Raman  Spectroscopy 
(CARS)  and  LDV,1'3  are  complex,  costly,  and  difficult  to 
implement.  The  recently  developed  Thin-Filament- 
Pyrometry  (TFP)4  technique  which  displays  high  spatial 
and  temporal  resolution  is  an  ideal  choice  for  a  condi¬ 
tional  experiment  In  the  TFP  technique,  the  blackbody 
emission  from  a  SiC  filament  which  is  ~  14  jun  in  diam.  is 
employed  to  determine  the  local  flame  temperature  with 
negligible  intrusion  of  the  flame.  The  application  of  TFP 
for  conditioning  LDV  measurements  is  simpler  and  more 
cost  effective  than  the  use  of  other  laser  diagnostic  meth¬ 
ods. 

In  this  study  both  conditional  and  unconditional 
velocity  measurements  were  made  at  the  base  of  tur¬ 
bulent,  lifted  jet  flames.  In  the  conditional -velocity- 
measurement  case,  a  two-component  LDV  system  was 
used  in  conjunction  with  the  TFP  technique  to  condition 
the  velocity  measurement  to  the  presence  (or  absence)  of 
the  flame.  Velocity  data  were  taken  only  when  the  flame 
was  present  (as  detected  by  the  TFP  technique).  In  the 
unconditional-measurement  case,  the  LDV  system  was 
allowed  to  collect  velocity  data  without  regard  to  the  con¬ 
ditions  of  the  flame.  Both  propane  and  methane  fuel  were 
used  with  a  5-mm  short  tapered  nozzle.  Previous  com¬ 
bustion  studies  with  the  5-mm  nozzle  have  shown  that  the 
interaction  of  the  flame  sheet  and  the  fuel-jet  shear  layer 
is  stronger  for  the  methane  flame  than  for  the  propane 
flame  under  the  critical  liftoff  conditions.  This  result 
indicates  that  for  this  nozzle,  different  lifting  mechanisms 
are  dominant  in  the  methane  and  propane  flames.  To 
elucidate  these  differences,  conditional  and  unconditional 
velocities  were  measured  near  the  flame  base  for  jet -flame 
conditions  ranging  from  liftoff  to  near  blowout. 
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Experimental 


How  Conditions 

The  fuel  jet  employed  in  this  study  consisted  of  a 
short  tapered  5-mm-id  nozzle  surrounded  by  a  25 -cm 
annular  air  duct.  The  contraction  ratio  of  the  contoured 
nozzle  was  20  to  I  and  was  designed  to  yield  a  flat  exit- 
velocity  profile.  The  exit  velocity  of  the  annular  air  flow 
was  fixed  at  15  cm/scc.  The  fuels  employed  for  this  study 
were  methane  and  propane.  For  the  unconditional  veloci¬ 
ty  measurement,  the  axial  profile  along  the  centerline  and 
the  radial  profile  at  the  liftoff  height  (LOU)  were  made. 
For  the  conditional  measurement,  the  focus  was  on  the 
flame  base.  Three  measurement  points  were  chosen- 
inner  edge,  center,  and  outer  edge  of  the  flame  base. 

LDV  and  IFF  Conditioning 


A  schematic  diagram  of  the  experimental  setup 
employed  for  the  condiuonal  velocity  measurements  is 
shown  m  Fig.  1 .  The  LDV  system  was  a  two-component, 
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Fig.  1  Schematic  diagram  of  combined  l.DV  and 
TFT  experimental  setup. 

forward-scattering  single-color  system  utilizing  polariza¬ 
tion  for  component  separation.5  A  5-W  argon  ion  laser 
was  used  as  the  light  source  at  a  wavelength  of  488  nm. 
The  seed  particle  employed  for  this  study  was  A1203 
having  an  average  diameter  of  0  5  am.  For  the  fuel  jet  a 
TS1  fluidized  bed  seeder  was  employed;  for  the  coflowing 
jet,  a  custom-made  cyclone-type  seeder  was  used.  A  low 
seeding  density  in  both  the  coflowing  air  and  the  fuel  was 


maintained  to  ailow  steady,  long-duration  operation;  and 
the  density  was  balanced  to  avoid  biasing.  Doppler  bursts 
from  the  sample  volume  were  converted  to  periods  by  two 
1990  TSI  burst  coulters.  The  output  from  each  counter 
was  fed  into  a  mini-computer  for  analysis. 

For  flame  detection  a  TFP  setup  was  utilized.  The 
TFP  technique  has  been  applied  in  numerous  turbulent  jet 
flame  studies.6  Its  unique  features  include  high  temporal 
and  spatial  resolution,  capability  of  measuring  tempera¬ 
ture  distribution  along  a  line,  and  ease  of  implementation. 
The  filament  employed  was  -  14-tim-diam.  SiC  and  was 
held  by  a  “U"-shaped  steel  strip  under  proper  tension. 
The  span  of  the  holder  was  -  1 2  cm,  which  covered  the 
flame  diameter.  When  placed  in  the  flame,  the  filament 
becomes  visibly  “red  hot"  due  to  blackbody  radiation.  In 
this  experiment  the  radiation  from  the  filament  was 
imaged  onto  a  InGaAs  photodiode  detector  and  used  to 
indicate  the  presence  (or  absence)  of  the  flame.  Previous 
studies  have  shown  that  such  an  arrangement  displays  a 
low -temperature  detection  limit  to  -  1(100  K. 

For  the  conditional  velocity  measurements,  the  thin 
filament  was  placed  -  0.5  mm  upstream  of  the  LDV 
probe,  as  indicated  in  Fig.  2.  Care  was  exercised  to 
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Fig.  2.  Alignment  of  thin  filament  with  respect  to 
LDV  probe. 

ensure  that  the  proper  tension  would  be  placed  on  the  fila¬ 
ment;  otherwise,  a  filament  that  was  too  loose  could 
vibrate  into  the  LDV  probe  or  one  that  was  too  Ught  might 
break  after  limited  flame  exposure. 

The  signal  from  the  InGaAs  detector  was  sent  to  a 
custom-built  electronic  interface  which  amplified  the  sig¬ 
nal  and  generated  a  gate  pulse  when  the  signal  was  above 
a  preset  threshold  (sec  Fig.  7).  The  width  of  the  gate 
pulse  was  dcteimincd  by  the  duration  of  the  TFP  signal 
above  the  preset  threshold  The  threshold  in  these  experi¬ 
ments  was  chosen  to  correspond  to  an  approximate  flame 
temperature  of  1800  K  This  approach  was  taken  to 
ensure  that  actual  combustion  would  he  sampled  rather 
than  hot-combustion  products.  The  gate  pulse  was  fed 
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Fig.  3.  TFP  signals  and  generated  gate  pulses  for 
LDV  data  sampling. 


into  the  LDV-computer-interface  inhibit  circuit  to  allow 
the  LDV  system  to  acquire  data  when  the  gate  was  open 
and  inhibit  acquisition  when  closed.  This  was  referred  to 
as  the  flame-gating  mode  of  operation.  The  TFP  interface 
could  also  be  operated  in  a  nonflame-gating  mode  in 
which  the  LDV  was  allowed  to  acquire  data  only  in  the 
absence  of  flame.  For  the  unconditional  measurements 
the  LDV  system  was  allowed  to  collect  velocity  data 
without  regard  to  the  status  of  the  flame  (free-run  mode). 


very  similar  in  magnitude,  resulting  in  a  high  normalized 
velocity,  Ufj/Uc.  for  the  methane  flame.  The  rms  velocity 
fluctuations  at  the  propane-flame  base  were  higher  than 
those  at  the  methane-flame  base.  Since  the  propane  flame 
had  a  higher  centerline  velocity  at  the  LOH,  the  normal¬ 
ized  values,  u’/Uc,  are  very  similar  for  the  two  flames 
under  these  conditions. 

For  the  five  conditions  given  in  Table  L,  both  flames 
display  interesting  trends.  First,  the  velocity  at  the  jet 
center  at  the  LOH,  U„  was  ~  12  m/s  for  all  three 
methane-flame  conditions  listed.  For  propane  flames  this 
velocity  was  -  22  m/s  for  the  two  conditions  listed. 
Second,  the  mean  axial  velocity  at  the  flame  base,  U^, 
was  -  2  m/s  for  all  flame  conditions.  As  a  result  the  nor¬ 
malized  flame-stabilization  velocity,  Uft)/Uc,  was  -  9% 
and  15%  for  the  propane  and  methane  flames,  respec¬ 
tively. 

The  similarity  in  flame-base  velocity  can  be  attrib¬ 
uted  to  the  fact  that  the  thermal  time  scale--the  rau'o  of 
laminar  flame  thickness  to  laminar  flame  speed-for  the 
methane  and  propane  flames  is  approximately  the  same 
(1/430  and  1/403  sec,  respectively).  Whereas,  the  differ¬ 
ences  in  velocity  development  along  the  centerline  can  be 
attributed  to  the  variation  in  density,  reaction  rate,  stoi¬ 
chiometric  fuel-air  ratio,  and  other  effects. 

Conditional  and  Unconditional  Velocity  PDF’s 


Results  and  Discussion 


The  general  flame  characteristics  observed  in  this 
study  are  summarized  in  Table  I.  For  each  flame  condi¬ 
tion,  attention  was  focused  at  the  LOH  where  the  mean- 
radial-flame-base  location,  Rp  was  measured  by  means  of 
the  SiC  filament.  The  flame  fluctuates  around  this  mean 
location  and  covers  the  range  radially  from  Rf  -  AR  (inner 
edge)  toRf  +  AR  (outer  edge).  At  the  LOH  the  velocities 
at  both  the  centerline  (Uc)  and  the  flame  base  (Up^  were 
measured  and  are  given  in  Table  1. 

To  achieve  a  LOH  of  90  mm,  the  methane  flame 
required  a  much  higher  exit  velocity  (U.  =  45  m/s)  than 
the  propane  flame  (If  =  38.5  m/s).  At  the  LOH  the  cen¬ 
tral  jet  velocity  for  methane  was  12.5  m/s  and  for  pro¬ 
pane,  21.4  m/s.  However,  the  velocities  measured  at  the 
flame  base,  U^,  for  methane  and  propane  flames  were 


Figure  4  displays  the  probability  distribution  func¬ 
tions  (pdfs)  for  the  conditional  and  unconditional  axial 
velocities  taken  at  the  inner  edge,  Rf  -  AR,  of  the  flame 
base  for  a  lifted  methane  jet  flame.  The  pdf  of  the  condi¬ 
tional  velocity  shown  in  Fig.  4(a)  indicates  that  the  local 
axial  flow  velocity  where  the  flame  exists  is  -  1.5  m/s.  It 
also  shows  that  the  diffusion  flamelets  cease  to  exist  when 
the  local  jet  velocity  exceeds  -  4.0  m/s.  With  uncondi¬ 
tional  velocity  measurements,  both  hot  and  cold  gases  are 
measured  which,  in  this  case,  significantly  alters  the 
observed  pdf  [see  Fig.  4(b)).  Since  the  velocity  data  were 
taken  at  the  inner  edge  of  the  flame,  which  is  near  the  jet 
shear  layer,  velocities  higher  than  4  m/s  were  also  mea¬ 
sured.  The  difference  in  the  conditional  and  uncondition¬ 
al  velocity  pdfs  at  the  inner  edge  of  the  flame  is  the  result 
of  high  shear,  incomplete  mixing,  and  associated  high 
intermittent  velocity  and  scalar  fluctuations.  At  this  loca¬ 
tion  where  the  jet  shear  is  high,  the  probability  of  stabiliz¬ 
ing  the  flame  is  rather  low. 


Table  I.  Flame  Characteristics  Observed 
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Fig.  4.  PDFs  of  (a)  conditional  and  (b)  unconditional 
axial  velocities  taken  at  inner  edge  of  methane- 
flame  base. 

The  conditional  and  unconditional  velocity  pdfs  under 
several  flame  conditions  at  the  mean  radial  flame  location, 
Rp  were  made.  Although  distinct  differences  between  the 
conditional  and  unconditional  velocity  pdfs  were  found  in 
the  inner  edge  of  the  flame,  minor  differences  were 
observed  at  location,  Rp  Figure  S  displays  an  example  of 
the  near-Gaussian-shaped  conditional  and  unconditional 
velocity  pdfs  obtained  in  this  region.  These  pdfs  indicate 
that  the  mean  axial  velocity  is  ~  2  m/s;  whereas,  the  rms 
velocity  fluctuation  is  -  1  m/s  (also  see  Table  I).  The 
near-Gaussian-shape  distribution  may  be  the  result  of  the 
flat  profiles  for  both  axial  and  radial  velocities  which  indi¬ 
cates  a  low-velocity  gradient  in  the  flame  zone. 

At  the  outer  edge  of  the  flame,  Rf  +  AR,  the  measured 
conditional  and  unconditional  velocities  display  similar 
pdfs  since  the  velocity  profiles  in  this  area  are  relatively 
flat  These  results  indicate  that  at  the  base  of  a  lifted 
flame,  most  of  the  flame  area  displays  only  minor 
differences  between  conditional  and  unconditional 
velocity  pdfs.  This  implies  that  the  velocity  pdfs  for  the 
hot  and  cold  gas  pockets  do  not  differ  significantly.  Thus, 
the  LDV  sampling  bias  which  favors  cold  gas  pockets1 


Velocity  (m/s) 
(b) 


Fig.  5.  PDFs  of  (a)  conditional  and  (b)  unconditional 
axial  velocities  taken  at  mean  position  of 
methane-flame  base. 

should  not  result  in  a  biased  pdf  or  velocity  statistics  for 
the  flame.  This  is  consistent  with  previous  studies  which 
have  indicated  that  the  temperature  or  scalar  fields,  in 
general,  display  bi -modal  distributions  in  intermittent 
flow  regions  where  velocity  fields  seldom  show  a  distinct 
bi-modal  distribution.1'3 

Velocity  Profiles 

Both  similarities  and  differences  observed  in  general 
comparisons  of  the  methane  and  propane  flames  are  given 
in  Table  I.  To  obtain  a  more  detailed  comparison  of  the 
jet  flames,  the  velocity  profiles  along  the  centerline  and 
radially  at  the  LOH  were  made. 

The  mean  velocity  and  rms  velocity  fluctuation  of  the 
axial  component  along  the  centerline  are  depicted  in  Figs. 
6-7.  Figure  6  shows  results  for  the  methane  jet  flame  with 
a  LOH  of  60  mm.  The  maximum  turbulent  fluctuation 
was  observed  to  occur  at  -  30  mm  (z/D  =  6);  the  flame 
LOH  was  ~  60  mm  (z/D  ■  12).  Figure  7  shows  results  for 
the  propane  flame  with  a  LOH  of  50  mm.  In  this  case  the 
maximum  rms  fluctuation  occurs  at  -  50  mm  (z/D  *  10), 
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Fig.  6.  Centerline  mean  and  RMS  axial  velocity  profiles 


for  methane  flame  with  LOH  of  60  mm. 


Axial  Location  (mm) 

Fig.  7.  Centerline  mean  and  RMS  axial  velocity  profiles 
for  propane  flame  with  LOH  of  SO  mm. 


which  was  the  LOH.  A  comparison  of  thesetwo  figures 
indicates  that  the  velocity  field  of  the  methane  jet  decays 
much  faster  than  that  of  the  propane  jet  due  to  the  lower 
density  of  methane.  As  a  result  the  methane  jet  is  less 
stable,  with  the  onset  of  turbulent  fluctuations  occurring 
nearer  the  jet  exit  In  addition,  the  rms  fluctuation  is  of 
higher  magnitude  for  the  methane  jet  than  for  the  propane 
jet. 

The  effects  of  density  upon  the  development  of  the 
velocity  field  can  also  be  observed  in  the  velocity  profiles 
taken  radially  at  the  LOH  (see  Figs.  8-9).  Figures  8  and  9 
show  results  for  the  methane  flame  with  a  LOH  of  60  mm 
and  for  the  propane  flame  with  a  LOH  of  SO  mm, 
respectively.  The  methane  jet  in  this  case  displays  a 
lower  axial  velocity  in  the  LOH  region  than  the  propane 
jet;  yet,  the  radial  velocity  of  the  methane  jet  is  higher 
than  that  of  the  propane  jet.  This  is  consistent  with  results 
from  a  previous  study6  in  which  both  OH  imaging  and 
TFP  measurements  of  the  flame-surface  fluctuation 
indicated  that  the  methane  flame  displays  stronger 


Fig.  8.  Radial  scan  of  velocity  profiles  at  base  of  lifted 
methane  flame  with  LOH  of  60  mm. 


Fig.  9.  Radial  scan  of  velocity  profiles  at  base  of  lifted 
propane  flame  with  LOH  of  50  mm. 


flame/flow  interactions  than  the  propane  flame  under  the 
critical  liftoff  condition.  The  shear-layer  vortices  of  the 
methane  jet  have  a  higher  probability  of  spinning  out  at  a 
high  radial  velocity  and  can  strongly  interact  with  the 
flame  under  these  conditions.  As  a  result  the  methane 
flame  displays  a  higher  probability  for  hole  formation 
than  the  propane  flame  at  the  critical  liftoff  jet  velocity. 

Conclusion 

A  novel  technique  for  conditioning  LDV  velocity 
measurements  to  the  presence  of  the  flame  has  been 
developed.  Measurements  in  flame  regions  which  display 
a  high  correlation  between  temperature  and  velocity 
require  some  means  of  distinguishing  the  presence  (or 
absence)  of  the  flame.  For  detecting  the  flame,  the  TFP 
technique  was  found  to  be  easy  to  implement  and  cost 
effective.  The  combined  LDV/TFP  technique  was  suc¬ 
cessfully  uulized  to  measure  conditional  and  uncondi¬ 
tional  velocities  at  the  base  of  lifted  hydrocarbon  jet 
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flames.  The  present  study  indicates  that  the  combined 
LDV/TFP  technique  is  a  reliable  tool  for  conditional  stud* 
ies  of  jet  flames.  Future  efforts  will  be  directed  toward 
obtaining  correlation  measurements  with  the  combined 
instrument. 
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2.4  AXIALLY  SYMMETRIC  SWIRL-COMBUSTOR  STUDIES 


As  part  of  a  joint  experimental/computational  research  effort,  velocity  measurements 
have  been  made  for  a  turbulent,  axially  symmetric,  gas-fueled,  fixed-vane  swirl  com¬ 
bustor.  The  data  were  acquired  using  a  two-component  LDV  system  and  included 
cross-correlation  terms  for  the  radial-axial  and  tangential-axial  components. 

The  combustor  utilized  in  this  study  was  a  cylindrical  Pyrex  tube  300  mm  long  and  95 
mm  in  diam.  operated  in  a  vertical  orientation.  Fuel  and  air  were  introduced  through  a 
fixed-vane  swirler  built  by  Rolls-Royce,  Inc.  Figure  1  is  a  schematic  diagram  of  the 
combustor  and  swirler.  The  swirler  has  20  vanes  oriented  at  an  angle  of  30  deg.,  with 
an  inner-hub  diameter  of  21  mm  and  an  outer-hub  diameter  of  42  mm.  The  fuel  injec¬ 
tor  is  located  in  the  center  of  the  swirler  and  introduces  the  fuel  into  the  combustor  in  a 
conical  sheet,  with  an  included  angle  of  90  deg.  The  fuel  was  propane  flowing  at  41 
Ipm,  and  the  total  air-flow  rate  was  1514  Ipm  (air-to-fuel  ratio  of  23.68).  Alumina  parti¬ 
cles  having  a  nominal  diameter  of  1  mm  were  employed  as  the  seed  . 

The  combustor  was  mounted  on  an  x,y,z  traversing  mechanism  to  translate  it  relative 
to  the  two-component  LDV  system.  Traverses  passing  through  the  center  of  the  com¬ 
bustor  in  the  x  direction  measured  axial  and  tangential  velocity  components,  and  those 
passing  through  the  center  of  the  combustor  in  the  y  direction  measured  axial  and 
radial  velocity  components.  Combining  axial  and  radial  components  measured  at  the 
same  radial  distance  from  the  center  of  the  combustor  and  the  same  axial  distance 
above  the  swirler  allowed  two-dimensional  axial-radial  flowfields  to  be  determined. 
Figure  2  shows  the  general  flow  features  of  the  combustor  including  the  fuel-air  jet 
coming  from  the  swirler,  a  large  recirculation  zone  in  the  center  between  z  =  0  and  z  = 
100  mm,  and  the  net  upward  flow  above  the  recirculation  zone.  Radial  and  tangential 
velocity  (swirl)  components  were  also  combined  to  indicate  two-dimensional  flowfields 
at  various  axial  distances  above  the  swirler.  A  representative  radial-tangential  plot  at 
z  *  20  mm  above  the  swirler  is  shown  in  Fig.  3. 

The  data  set  includes  axial  (u),  radial  (v),  and  tangential  (w)  velocity  components; 
velocity  fluctuations  (u\  v',  w’);  and  the  axial-radial  (uV)  and  axial-tangential  (u'w’) 
cross-correlation  terms.  These  data  are  presently  being  utilized  to  evaluate  time-aver¬ 
aged  CFD  models. 
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Figure  1 .  Schematic  Diagram  of  Cylindrical  Combustor  and  Swirler. 


121 


I 


1?? 


Figure  2.  Axial-Radial  Velocity  Fiowfield. 


2.5  HARDENED  CARS  SYSTEM 


The  diagnostic  instruments  developed  during  the  course  of  this  contractual  effort  were 
employed  in  a  variety  of  environments.  As  with  all  experimental  techniques,  some 
limitations  to  system  performance  were  identified.  However,  with  each  successive 
application,  the  reliability  of  the  instrument  capability  was  increased. 

The  temperature-measurement  capability  of  the  hardened  CARS  system  was  demon¬ 
strated  and  reported  in  the  paper,  “CARS  Measurements  in  the  Near-Wake  Region  of 
an  Axisymmetric  Bluff-Body  Combustor,"  which  was  published  in  the  AIAA  Journal 
(see  p.  126).  The  measurements  performed  during  this  study  identified  a  system  limi¬ 
tation  in  obtaining  species  concentration  due  to  thermally  induced  beam-steering 
effects  which  occur  in  a  large-scale  turbulent  environment.  Subsequent  efforts  to 
overcome  this  limitation  by  referencing  were  unsuccessful. 

Confidence  in  the  velocity-  and  size-measurement  capability  of  the  PDPA  was  gained 
in  a  study  which  was  reported  in  the  paper,  “The  Influence  of  Particle  Size  on  the  Mea¬ 
surement  of  Turbulence  Characteristics  in  Two-Phase  Flows,"  presented  at  the  4th 
International  Conference  on  Liquid  Atomization  and  Spray  Systems  (see  p.  134). 
These  efforts  involved  the  head-to-head  comparison  of  velocity  information  obtained 
from  the  PDPA  and  a  well-established  LDV  system. 

Subsequent  studies  performed  with  the  PDPA  were  directed  toward  more  practical 
applications.  In  programs  conducted  in  cooperation  with  researchers  from  various 
universities,  several  basic  spray  studies  were  performed.  In  a  paper  entitled,  “High 
Power  Density  Evaporative  Cooling,”  which  was  presented  at  the  AIAA  22nd  Thermo¬ 
physics  Conference  (see  p.  1 42),  droplet  size  and  velocity  information  was  gathered  to 
provide  insight  into  the  evaporative-cooling  mechanisms  in  effect  while  cooling  a 
heated  plate  with  a  water  spray.  Single-fuel-droplet  evaporative  rates  were  deter¬ 
mined  experimentally  for  comparison  with  theoretically  predicted  rates.  These  results 
were  reported  in  a  paper,  “Vaporization  Behavior  of  Multicomponent  Fuel  Droplets  in 
Low-Temperature  Streams,"  which  was  presented  at  the  1988  Spring  Technical 
Meeting  of  the  Central  States  Section  of  the  Combustion  Institute  (see  p.  149).  In 
another  application  of  the  PDPA,  capability  data  were  collected  for  comparison  with 
predicted  droplet  distributions  and  velocities  in  a  pressure  atomizer;  the  results  were 
presented  in  the  paper,  "Comparison  between  Theory  and  Experiments  for  Sprays 


from  a  Pressure  Atomizer,"  which  was  presented  at  the  ILASS  Americas  4th  Annual 
Meeting  (see  p.  155)  and  has  been  accepted  for  publication  in  Combustion  and 
Flame.  The  evolution  of  the  combined  CARS/PDPA  system  encompassed  several 
optical  geometries.  Unsuccessful  geometries  were  found  to  be  prohibitively  limiting  in 
optical  accessibility  through  available  windows  or  in  that  they  allowed  only  the  mea¬ 
surement  of  an  off-axis  axial-velocity  component  which  was  not  reducible  to  an  axial 
velocity.  The  final  geometry  removed  these  limitations;  however,  it  suffers  from  the 
inability  to  perform  simultaneous  measurements.  A  paper  entitled,  “Combusting  Spray 
Studies  Using  Phase  Doppler  and  CARS  Instruments,”  which  was  also  presented  at 
the  ILASS  4th  Annual  Meeting  (see  p.  187)  describes  the  results  of  a  major  application 
of  the  instrument  and  demonstrates  the  extremely  useful  information  that  can  be 
obtained  with  this  capability. 
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CARS  Measurements  in  the  Near-Wake  Region 
of  an  Axisymmetric  Bluff-Body  Combustor 

G.  L.  Switzer,*  L.  P.  Goss.t  and  D.  D.  Trumpt 
Systems  Research  Laboratories,  Inc.,  Dayton,  Ohio 
and 

C.  M.  Reeves,§  J.  S.  Stutrud,!  R.  P.  Bradley, 1  and  W.  M.  Roquemore** 

U.S.  Air  Force  Wright  Aeronautical  Laboratories,  Wright-Patterson  AFB,  Ohio 

The  coherent  anti-Stokes  Raman  spectroscopy  (CARS)  technique  has  been  employed  to  measure  temperatures 
in  the  near-wake  recirculating  flow  region  of  a  bluff-body-stabilized  diffusion  flame.  Time-averaged 
temperature  profiles  and  probability  distribution  functions  are  discussed  in  terms  of  the  flowfield 
characteristics.  Velocity  information  obtained  by  laser  Doppler  anemometry  and  the  theoretical  predictions  of 
temperature  and  velocity  are  employed  as  aids  in  Interpreting  the  time-avenged  CARS  data.  Results  of 
temperature  measurements  made  with  CARS  and  thermocouples  of  three  different  designs  are  compared. 
Several  problems  affecting  CARS  in  the  fuel-rich  regions  are  identified  and  discussed.  Among  these  are  the  ef¬ 
fects  of  nonresonant  background  CARS  generation,  beam  steering,  and  detector  aging. 


Introduction 

ESULTS  of  coherent  anti-Stokes  Raman  spectroscopy 
(CARS)  diagnostic  experiments  being  conducted  in  a 
simulated  practical  combustor  environment  at  the  Combus¬ 
tion  Research  Facility  of  the  U.S.  Air  Force  Wright 
Aeronautical  Laboratories/ Aero  Propulsion  Laboratory  have 
been  reported  previously.1 -1  The  research  objectives  and  the 
facilities  assembled  to  conduct  this  research  have  also  been 
documented.3  4  The  published  CARS  results  were  obtained  in 
a  highly  sooting  bluff-body-stabilized  diffusion  flame  at  a 
position  well  downstream  of  the  recirculation  zone  established 
by  the  bluff-body  combustor.  It  was  felt  that  both  the  CARS 
and  thermocouple  measurement  techniques  would  be  most  ap¬ 
plicable  in  this  combustion  zone;  indeed,  results  of  the 
averaged-temperature  measurements  are  in  good  agreement 
for  the  two  techniques.1 

The  CARS  diagnostics  efforts  discussed  here  are  a  continua¬ 
tion  of  these  experiments  through  examination  of  the  near¬ 
wake  region  behind  the  bluff  body  where  intense  mixing  oc¬ 
curs.  During  this  study,  two  effects  crucial  to  the  CARS  and 
probe  diagnostic  capability  in  this  flame  environment  were 
identified.  The  first  involved  the  effect  upon  the  CARS 
temperature  measurements  of  the  contribution  of  the  nonreso¬ 
nant  background  CARS  signal  generated  from  the  unburned 
propane  fuel;  although  several  other  problems  were  en¬ 
countered  that  influenced  the  CARS  results,  this  was  the  most 
severe.  Even  after  nonresonant  background  effects  and  other 
CARS-related  problems  were  minimized,  a  discrepancy  be¬ 
tween  the  CARS  and  thermocouple  probe  temperatures  re¬ 
mained.  The  second  effect  upon  the  diagnostic  capability  was 
the  intrusive  nature  of  the  thermocouple  probe,  which  is 
believed  to  be  responsible  for  the  remaining  tempeature 
discrepancy.  The  consequences  of  the  physical  body  of  a  ther- 
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mocouple  probe  disturbing  or  having  secondary  effects  upon 
the  temperature  measurement  process  were  examined  by  com¬ 
paring  results  obtained  with  probes  of  several  different 
geometries. 

This  paper  identifies  the  problems  influencing  the  CARS 
and  thermocouple  temperature  diagnostic  capabilities  in  the 
fuel-rich  recirculation  zone  encountered  during  this  measure¬ 
ment  program  and  discusses  the  implemented  solutions. 
CARS  temperature  profiles  are  presented  and  compared  with 
those  of  thermocouples  and  model  predictions.  Flow  velocities 
obtained  from  laser  Doppler  anemometry  (LDA)  data  and 
model  predictions  are  employed  along  with  temperature  prob¬ 
ability  distribution  functions  (pdf)  as  aids  in  interpreting  the 
processes  thought  to  be  ocurring  in  the  recirculation  zone. 

Combustion  Tunnel  Facility 

The  axisymmetric  bluff-centerbody  research  combustor,  as 
configured  for  these  experiments,  is  diagrammed  in  Fig.  1. 
The  centerbody  is  79  cm  long  and  has  a  diameter  D  of  14  cm. 
Gaseous  propane  fuel  is  injected  from  the  center  of  the  bluff- 
body  face  through  a  nozzle  4.8  mm  in  diameter.  Annular  air¬ 
flow  is  conditioned  using  a  honeycomb  flow  straightener  and 
screens.  The  centerbody  is  mounted  in  a  25.4  cm  diameter  duct 


Fig.  1  Combust  too  tunnel,  centerbody  combustor,  and  probe 
arrangements. 
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equipped  with  30.5  x  7.6  cm  viewing  ports  that  provide  either 
probe  or  optical  access  to  the  combustion  regions.  To 
facilitate  optical  access,  these  ports  are  covered  with  2.5  cm 
thick  optical  windows;  metal  ports  are  used  for  probe  access. 
Additional  details  of  the  combustion  tunnel  facility  can  be 
found  in  Ref.  3. 

All  of  the  experiments  were  conducted  under  one  set  of  test 
conditions.  The  annulus  air  velocity  was  23.3  m/s,  which  cor¬ 
responds  to  a  Reynolds  number  of  1.5  x  104  based  on  the 
bluff-body  diameter  and  inlet  temperature  of  294  K.  The 
gaseous  propane  fuel-jet  exit  velocity  was  69.6  m/s,  with  a 
Reynolds  number  of  4.2  x  104  based  on  the  jet  diameter  and 
inlet  temperature  of  400  K.  This  condition  was  chosen  because 
of  the  understanding  gained  in  previous  high-speed  motion 
picture  flame  studies  of  the  flowfield416  and  the  computations 
of  Sturgess  and  Syed,s  which  suggest  that  the  measured  vortex 
shedding  frequency  observed  under  this  condition  is  far 
removed  from  the  calculated  acoustical  resonances  of  the 
tunnel. 

Theoretical  Predictions 

Theoretical  predictions  are  presented  to  aid  in  the 
understanding  of  the  complex  flowfield  in  the  near-wake 
region  of  the  bluff  body.  The  predictions  were  made  using  a 
computer  code  (TEACH)  developed  at  Imperial  College  as  a 
tecahing  aid  and  described  in  Ref.  6.  The  code  uses  a  hybrid 
upwind  finite  differencing  scheme  to  solve  the  Reynolds- 
averaged  equations.  Closure  is  obtained  by  using  the  k-t  tur¬ 
bulence  model  with  the  standard  constants.  A  simple  one-step 
chemical  reaction  is  assumed.  Flat  velocity  and  turbulence  in¬ 
tensity  inlet  profiles  were  used  for  boundary  conditions.  The 
computational  grid  had  41  axial  nodes  and  39  radial  nodes  and 
extended  4D  downstream.  Grid  independence  of  the  solution 
was  not  determined  and  no  attempts  were  made  to  improve  on 
the  calculations,  since  the  predictions  are  used  primarily  to 
give  qualitative  insights  into  the  flowfield. 

Instrumentation 

Thermocouples 

It  is  well  recognized  that  probes  can  interfere  with  their  en¬ 
vironment  to  such  an  extent  that  the  temperature  at  the  point 
of  measurement  in  the  presence  and  absence  of  the  probe  can 
be  quite  different.  This  is  particularly  true  in 'the  combusting 
recirculation  zone  behind  a  bluff  body.  Since  the  direction  of 
the  flowfield  changes  dramatically  with  time  and  location  (as 
will  be  shown  later  in  Fig.  7),  probes  must  be  sufficiently  small 
to  minimize  blockage  and  sufficiently  sturdy  to  survive  the 
high-temperature  environment.  It  is  not  always  clear  how  to 
configure  the  probe  to  accomplish  this.  In  this  study,  three 
thermocouple  probe  designs  were  evaluated  in  the  near-wake 
region  of  the  bluff  body. 

Envelopes  of  the  three  designs  are  shown  in  Fig.  2.  All  have 
a  sheath  diameter  of  4.76  mm  near  the  tip.  The  portion  of  the 
NAT  probe  that  is  perpendicular  to  the  tunnel  centerline  is 
6.35  mm  in  diameter.  These  dimensions  are  large  with  respect 
to  the  4.78  mm  diameter  of  the  fuel  jet,  but  small  in  com¬ 
parison  to  the  diameter  of  the  bluff  body.  Hence,  one  might 
expect  all  of  the  probes  to  interfere  significantly  with  the  flow 
near  the  fuel  jet,  but  to  a  lesser  extent  farther  downstream  or 
removed  from  the  jet  flow.  All  three  thermocouples  are  made 
from  platinum  alloys.  Probes  NAT  and  R4  are  type  R  (plati¬ 
num-platinum/ 13  Vt  rhodium)  thermocouples  and  POLST  is  a 
type  S  (platinum-platinum/ 10%  rhodium).  NAT,  R4,  and 
POLST  are  the  identifiers  used  in  the  management  of  the  ac¬ 
quired  data. 

The  POLST  probe  in  Fig.  2a  was  designed  to  minimize  the 
effects  of  the  stem.  It  is  uncooled  and  has  an  exposed  tip  made 
from  22  gage  wire  with  a  1 .6  mm  bead.  The  NAT  probe  in  Fig. 
2b  is  a  shielded  thermocouple  with  a  platinum  alloy  sheath 
constructed  in  the  shape  of  a  routed  T.  Hot  gases  pass  over 
the  1 . 1  mm  bead  of  the  24  gage  thermocouple  and  exit  through 
holes  in  the  shield.  The  stem  is  water  cooled  to  a  distance  of 


tig.  2  Three  thermocouple  configuraUons  used  for  temperature 
comparison:  a)  a  scooted  right-angle  tip  (POLST);  b)  water-cooled,  T- 
shape  lip  (NAT);  c)  a  scooted  end-on  tip  (R4). 


about  3  cm  above  the  thermocouple  where  the  platinum  tip  is 
located.  The  extension  of  the  probe  below  the  thermocouple 
has  been  shown  to  be  beneficial  in  establishing  symmetry  in 
temperature  measurements  made  in  parabolic  flows,  while  ex¬ 
perience  has  shown  that  the  end-on  design  of  probe  R4  (Fig. 
2c)  causes  the  peak  temperature  in  a  radial  profile  to  shift 
away  from  the  direction  of  the  stem.  R4  is  an  uncooled  bare- 
wire  thermocouple  (20  gage)  with  a  1.4  mm  bead. 


LDA  System 

The  velocity  data  presented  in  this  paper  were  obtained  by 
Lightman  et  al.7  using  a  two-component  laser  Doppler 
anemometer  (LDA)  especially  designed  for  use  in  the  combus¬ 
tion  tunnel  facility.  It  is  a  real-fringe  system  with  a  three-beam 
optical  configuration  and  a  fringe  spacing  of  10  ^m.  The  scat¬ 
tered  light  is  collected  10  deg  from  the  forward  direction  by  a 
parabolic  mirror.  The  length  of  the  measurement  volume  is  3 
mm.  Polarization  is  used  to  distinguish  the  two  orthogonal 
velocity  components.  The  optical  beam,  which  is  common  to 
both  LDA  channels,  is  frequency  shifted  to  permit  measure¬ 
ment  of  both  the  positive  and  negative  velocities.  The 
scattered  tight  is  separated  according  to  polarization  and 
transmitted  through  optical  fibers  to  two  photomultipliers. 
The  electrical  signals  are  processed  by  two  model  1990  TSI 
counter  processors.  Each  velocity  realization  is  stored  in  the 
facility  computer  for  future  processing. 

Both  the  annulus  air  and  the  fuel  were  seeded  with  alumina 
particles  using  fluidized-bed  seeders.  For  each  point  measure¬ 
ment,  5000  velocity  realizations  were  obtained.  In  practice,  it 
is  very  difficult  to  provide  equal  seed  densities  to  the  fuel  and 
air  streams  and  no  attempt  was  made  to  do  so  for  these 
measurements.  Experiments  in  cold  flows,  where  the  extreme 
variations  in  the  results  were  obtained  by  the  use  of  one  seeder 
and  then  the  other,  indicated  that  the  precision  of  the  velocity 
measurements  was  about  10%,  except  near  the  stagnation 
regions  where  much  larger  errors  can  occur.  The  precision  was 
not  determined  for  the  combusting  flow.  A  detailed  descrip¬ 
tion  of  the  LDA  system  and  the  test  procedures  are  given  in 
Ref.  7. 

Radial  profiles  of  axial  velocity  are  presented  for  axial  loca¬ 
tions  at  4  and  8  cm.  These  data  are  not  sufficiently  detailed  to 
describe  the  combustion  flowfield  in  the  near-wake  region  of 
the  bluff  body.  However,  they  do  provide  insight  that  aids  in 
interpreting  the  CARS  temperature  data  and  also  lend 
credibility  to  the  trends  of  the  theoretical  predictions. 
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CARS  System 

A  detailed  description  of  the  optical  and  electronic  con¬ 
figuration  of  the  basic  CARS  system  employed  in  these  ex¬ 
periments  can  be  found  elsewhere.  '•*  Several  modifications  to 
the  basic  system  were  made  for  the  present  study.  The  CARS 
system  employs  a  frequency-doubled  neodymium-YAG  laser 
that  produces  a  6  ijs  (FWHM)  pulse  at  a  10  Hz  repetition  rate. 
A  planar  BOXCARS9  optical  configuration  was  employed  in 
conjunction  with  a  broadband  N2  Stokes  dye  laser  to  obtain 
single-shot  N2  temperature  information  along  a  1.5  mm  path 
in  a  spatial  volume  on  the  order  of  1  mm5 .  A  beam  expansion 
telescope  was  added  to  decrease  the  energy  density  of  the  w, 
pump  beams  as  they  pass  through  the  combustion  tunnel  ac¬ 
cess  windows.  This  modification  allowed  a  radial  scan  range 
sufficient  to  probe  the  total  combusting  flow  plus  the  major 
portion  of  the  annual  airflow  without  causing  damage  to  the 
window  material. 

The  CARS  signal  generated  in  the  sampled  volume  is  col¬ 
lected  in  a  200  #*m  diameter  fiber-optic  transmission  line  and 
introduced  into  a  0.64  m  spectrometer.  Dispersion  of  the 
CARS  information  within  the  spectrometer  is  accomplished 
with  a  2400  g/mm  holographic  grating  and  detection  of  the 
resultant  spectral  content  is  provided  by  a  Tracor-Northern 
model  TN  6132  diode  array  rapid  scan  spectrometer  (DARSS) 
detector  head.  The  detector  is  an  intensified,  gateable,  1024 
element  silicon  photodiode  array  that  exhibits  sufficient 
linearity  that  only  one  optical  split  of  the  CARS  signal  is  re¬ 
quired  to  accommodate  the  dynamic  range  enhancement 
scheme10  necessary  to  follow  the  factor  of  500  variation  in 
signal  intensity  occurring  within  the  turbulent  combusting 
medium.  This  grating  and  detector  represent  the  remaining 
modifications  to  the  basic  CARS  system  with  respect  to  the 
1200  g/mm  grating  and  the  TN  12231G  detector  described 
previously.1  This  combination  exhibits  a  hybrid  Gaus- 
sian/Lorentzian  slit  function  and  produces  an  overall  system 
resolution  of  4.1  cm  HWHM. 


Results  and  Discussion 

The  initial  attempts  to  measure  the  temperature  with  CARS 
within  the  highly  recirculating  flow  in  the  near-wake  region  of 
the  bluff-body  combustor  resulted  in  indications  that  in  some 
areas  of  the  flame  the  temperatures  were  as  much  as  500  or  600 
K  higher  than  those  measured  with  thermocouples.  Inspection 
of  the  single-shot  CARS  spectra  in  those  areas  revealed  that  a 
large  nonresonant  CARS  background  signal  was  being 
generated  and  was  contributing  to  the  N2  spectral  signature. 
This  background  signal  is  primarily  due  to  the  nonresonant 
susceptibility  of  the  high  concentration  of  unburned  propane. 
Since  the  least  squares  temperature-fitting  procedure  being 
employed  to  fit  the  CARS  spectra  is  sensitive  to  frequency  and 
resonant  CARS  spectral  shape  only,  it  became  evident  that 
many  temperatures  in  the  predominantly  fuel-rich  combustion 
environment  were  being  fit  artificially  high. 

For  a  more  accurate  prediction  of  the  composite  N2  spectra 
being  generated  experimentally,  a  technique  similar  to  that 
described  by  Hall  and  Boedecker"  was  incorporated  into  the 
temperature-fitting  procedure.  This  technique  provides  for  the 
expression  of  CARS  intensities  as  a  function  of  two  indepen¬ 
dent  parameters,  namely,  temperature  and  a  concentration 
factor  consisting  of  the  ratio  of  N2  concentration  to  back¬ 
ground  nonresonant  susceptibility.  This  modification  allows 
one  to  consider  the  relative  effects  due  to  the  concentration  of 
probe-to-background  species  rather  than  to  assume  a  predom¬ 
inant  resonant  N2  contribution  and  a  constant,  relatively  small 
background  component.  The  magnitude  of  the  effect  of  the 
background  concentration  factor  upon  temperature  deter¬ 
mination  is  illustrated  in  Fig.  3.  Here,  the  theoretical  spectra 
with  and  without  background  concentration  are  fit  to  an  ex¬ 
perimentally  observed  spectrum.  The  extreme  shift  in  the 
lower- wavenumber  tail  of  the  1080  K  spectrum  of  Fig.  3 
relative  to  the  1430  K  spectrum  is  due  primarily  to  a  decrease 


of  -77%  in  the  magnitude  of  the  concentration  factor  ex¬ 
pected  in  a  stoichiometric  environment.  The  addition  of  this 
parameter  to  the  temperature-reduction  procedure  necessi¬ 
tated  only  a  slight  modification  to  the  existing  software,  but 
increased  the  time  required  for  fitting  a  temperature  to  a  single 
spectrum  from  1  to  3  s  on  the  MODCOMP  Classic  computer 
system. 

The  decrease  in  CARS  temperatures  obtained  by  fitting  to 
the  background  concentration  can  be  interpreted  in  terms  of 
the  characteristic  shape  of  the  temperature  pdf  of  Fig.  4.  Here, 
the  temperature  pdf  at  a  point  40  cm  downstream  of  the  com¬ 
bustor  face  is  shown  without  (Fig.  4a)  and  with  (Fig.  4b)  con¬ 
sideration  of  background  susceptibility  modification.  It  is  ap¬ 
parent  that  the  average  temperature  decrease  from  91 1  to  844 


2270  2285  2300  2315  2330  2345 


WAVENUMBER  (cm  ’) 

Fig.  3  Effect  of  background  concentration  on  temperatare  fitting:  + 
experimentally  observed  spectrum;  —  best  fit  at  1080  K,  theoretical 

spectrum  obtained  with  fitting  to  background  concentration; - best 

fit  at  1430  K,  theoretical  spectrum  without  background  variation. 
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Fig.  4  Influence  of  background  fitting  procedure  upon  temperature 
pdf:  a)  distribution  of  temperatures  wltbont  background  fitting;  b) 
temperature  distribution  when  variable  background  is  considered. 
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downstream  of  the  thermocouple  tip  plays  a  definite  role  in 
blocking  the  transport  of  the  reverse-flowing  combusting 
gases  that  would  otherwise  be  present  at  the  measurement 
location.  Although  the  POLST  and  R4  probe  temperature 
profiles  of  Fig.  5a  are  similar  in  shape,  there  is  sufficient 
spread  in  the  data  to  cause  concern  that  perhaps  one  or  both 
of  these  probes  also  perturb  the  characteristics  of  the  measure¬ 
ment  volume  by  their  presence  in  a  recirculating  flowfield. 

The  four  temperature  profiles  of  Fig.  5b,  obtained  at  an  ax¬ 
ial  location  of  24  cm,  show  a  marked  convergence.  This  con¬ 
vergence  is  thought  to  occur  because  this  measurement  loca¬ 
tion  is  downstream  of  the  recirculation  zone  and,  thus,  the 
thermocouple  is  influenced  to  a  lesser  degree  by  the  presence 
of  the  physical  body  of  the  probe.  Secondary  effects  such  as 
heat  conduction  away  from  the  thermocouple  through  its 
leads  or  probe  body  and  radiation  from  the  heated  probe  body 
may  contribute  to  the  probe  inaccuracies,  but  their  effect  is 
thought  to  be  much  less  severe.  The  convergence  of  these  pro¬ 
files  continues  as  the  measurement  location  moves  further 
downstream.  At  z  =  40  cm,  where  the  flow  is  parabolic,  point- 
to-point  temperature  differences  of  less  than  50  K  between 
CARS  and  the  NAT  probe  have  been  measured.2 

Figure  6  shows  measured  and  predicted  radial  profiles  of 
average  temperature,  axial  velocity,  and  rms  velocity  at  axial 
locations  of  4  and  8  cm.  This  figure  is  presented  to  illustrate 
the  qualitative  agreement  between  the  TEACH  code  predic- 


K  results  when  the  correction  for  background  shifts  the  hotter 
temperatures  in  the  1500  K  region  to  lower  values.  This  shift  in 
a  relatively  small  number  of  temperature  determinations  has 
the  effect  of  smoothing  the  pdf  profile,  thus  making  the 
aparent  bimodal  structure  much  less  dominant.  The 
magnitude  of  the  shift  in  average  temperature  and  the  distor¬ 
tions  in  the  pdf  resulting  from  background  considerations  can 
be  interpreted  as  a  measure  of  the  degree  of  penetration  of 
combustion  reactants  within  the  combustion  region. 

Another  phenomenon  that  affected  the  CARS  temperature 
measurements  was  observed  within  the  Tracor-Northern  6132 
detector.  It  was  observed  that  a  relatively  short-duration 
overexposure  of  the  diode  array  resulted  in  a  permanent 
nonuniform  decrease  in  the  sensitivity  of  the  affected  diodes. 
One  of  the  consequences  of  this  desensitization  was  that  the 
spectral  profiles  were  artificially  broadened,  thus  producing 
an  apparent  increase  in  temperature.  This  effect  was  especially 
noticeable  at  lower  temperatures  where  the  spectral  width  is 
most  critical  in  temperature  fitting.  For  instance,  what  nor¬ 
mally  would  have  been  a  400  K  spectrum  could  be  distorted  to 
indicate  a  temperature  150-200  K  higher. 

Since  overexposure  of  the  detector  diodes  is  unavoidable  at 
present,  particularly  near  the  edge  of  the  flame  in  a  turbulent 
combustion  environment,  several  steps  were  taken  to  minimize 
its  potential  effect.  The  sampled  spectra  were  moved  to  new 
areas  of  the  1024  element  array  having  uniform  response  and 
sensitivity.  Subsequent  overexposure  time  of  the  detector  was 
kept  to  a  minimum  by  input  filtering.  Daily  calibration  to 
room  temperature  and  to  a  standard  flame  provided  a  check 
for  variation  in  detector  sensitivity.  These  steps  effectively 
eliminated  the  influence  of  detector  “aging”  upon  the 
measurement  process  and  helped  to  ensure  the  reliability  of 
the  CARS  data. 

In  addition  to  its  nonresonant  contribution  to  the  CARS 
spectral  information,  the  fuel-rich  combustion  environment  in 
the  near-wake  region  of  the  flame  presents  another  problem  in 
CARS  diagnostics.  Large  thermally  induced  gradients  in  the 
index  of  refraction  are  present  between  the  mixing  cold  fuel 
and  the  hot  combustion  products.  These  gradients  cause  con¬ 
siderable  bending  of  the  optical  beams  in  transit  through  the 
flame.  Since  each  of  the  three  laser  beams  (two  of  frequency 
u,  and  one  at  frequency  <*>2)  entering  the  sample  focal  volume 
experiences  a  different  optical  path,  each  is  steered  in¬ 
dependently  and  there  is  relative  movement  at  the  beam 
cofocus.  This  defocusing  causes  a  decrease  in  CARS  intensity. 
While  this  intensity  does  not  detract  from  the  spectral  content 
(i.e.,  temperature-dependent  information),  it  does  prohibit 
determination  of  N2  concentration  by  relative  intensities.* 
Thus,  until  a  scheme  for  compensation  of  turbulent  beam 
steering  can  be  implemented,  the  CARS  concentration 
measurement  capability  will  not  be  reliable  for  the  near-wake 
recirculating  combusting  flow. 

As  stated  earlier,  a  large  discrepancy  between  temperatures 
determined  by  CARS  and  thermocouple  probes  remained 
after  the  CARS  temperature-reducing  procedure  was  modified 
to  fit  nonresonant  background  contributions.  To  help  identify 
the  source  of  this  discrepancy,  the  type,  geometry,  and  orien¬ 
tation  of  the  thermocouple  were  varied.  Some  of  the  results  of 
these  experiments  are  shown  in  Fig.  5.  The  radial  profiles 
enable  a  comparison  of  the  CARS  temperatures  to  those  ob¬ 
tained  from  the  three  thermocouple  probes  identified  in  Fig.  2. 
The  NAT  and  POLST  probes  were  oriented  parallel  to  the 
flow,  facing  upstream.  The  R4  probe  was  inserted  from  the 
top  and  normal  to  the  flow  axis.  The  data  of  Fig.  5a  reveal 
that  the  error  between  the  CARS  and  NAT  temperatures  is 
due  to  the  probe  characteristics.  The  distinct  departure  of  the 
NAT  profile  from  the  other  thermocouple  data  suggests  that 
this  probe  exhibits  a  large  perturbing  presence  in  the  com¬ 
busting  media.  The  cause  of  this  perturbation  becomes  ap¬ 
parent  if  one  considers  that,  at  an  axial  location  of  4  cm,  the 
combusting  flow  is  highly  recirculating,  as  will  be  discussed 
presently.  Thus,  the  body  of  the  NAT  probe  located 
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Fig.  5  Radial  profile  of  lempcratare  for  CARS  and  tbennocoapte*  at 
axial  locations  of  a)  4  cm  (0.29  t/D)  and  b)  24  cm  (1.71  z/D). 
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tions  and  experiment.  It  also  offers  insight  into  the  processes 
that  are  occurring.  It  is  our  intent  to  give  only  a  qualitative 
assessment  of  the  TEACH  code  predictions  since  measured  in¬ 
let  conditions  have  not  been  used  and  the  necessary  checks  on 
the  numerical  accuracy  of  the  computations  have  not  been 
made.  It  should  be  noted  that  if  precise  inlet  conditions  are 
desired,  inlet  velocity  and  turbulence  intensity  data  for  this 
combustor  can  be  found  in  Ref.  4.  Also,  recent  studies  have 
shown  that  LDA  velocity  data,  when  not  collected  at  a  con¬ 
stant  time  interval,  are  Favre  averaged  (density  weighted), 
whereas  the  TEACH  predictions  are  time  averaged.1315  This 
difference  must  be  taken  into  account  if  quantitative 
assessments  of  the  model  are  to  be  made. 

Qualitative  agreement  between  theory  and  experiment  is 
most  evident  when  comparing  the  temperature  plots  in  Fig.  6. 
At  z  =  4  cm,  the  temperature  profile  in  Fig.  6a  has  a  broad 
peak  that  is  skewed  away  from  the  cente'ine  for  both  predic¬ 
tion  and  measurement.  At  z  =  8  cm,  the  theoretical  and 
measured  temperature  peaks  in  Fig.  6b  are  more  rounded.  The 
maximum  temperature  occurs  at  a  radial  location  very  near 
that  of  the  zero-velocity  point  in  both  Figs.  6a  and  6b.  The 
breadth  in  the  temperature  profile  and  the  radial  location  of 


Fig.  6  Comparison  of  time-averaged  CARS  temperatures  and 
averaged  and  rim  LDA  axial  velocities  with  TEACH  code  predictions 
at  axial  locations  of:  a) :  ■  4  cm  (0.26  i/D )  and  b)  t  -  *  cm  (0.57  z//». 


the  peak  appear  to  be  related  to  the  width  of  the  reverse-flow 
(negative-velocity)  region.  The  TEACH  code  predicts  and 
LDA  measurements  confirm  that  the  reverse-flow  region  is 
considerably  larger  at  z  =  4  cm  than  at  z  =  8  cm.  The  radial 
locations  of  the  peak  temperature  and  the  zero  velocity  are 
also  farther  from  the  centerline  at  the  4  cm  location  than  at  the 
8  cm  location.  The  change  in  width  of  the  reverse- flow  region 
with  axial  location  is  clearly  evident  from  the  velocity  vector 
overlay  in  Fig.  7. 

The  temperature  decreases  very  rapidly  at  radial  locations 
greater  than  the  peak  temperature  location  in  both  Figs.  6a 
and  6b.  Since  this  occurs  just  as  the  flow  changes  direction, 
the  rapid  decay  is  most  likely  due  to  mixing  of  the  cold 
downstream  flowing  annular  air  with  hoi  products  and  burn¬ 
ing  fuel.  This  view  is  supported  by  the  small  peak  in  the 
measured  rms  velocity  fluctuations,  which  indicates  enhanced 
mixing  near  the  outer  velocity  stagnation  point.  The  TEACH 
code  predictions  also  show  a  small  peak  in  the  rms  velocity 
near  the  stagnation  point,  However,  it  is  not  very  noticeable  in 
Fig.  6  because  of  the  chosen  velocity  scale.  The  TEACH  code 
predictions  of  average  and  rms  velocities  and  temperature  ap¬ 
pear  to  exhibit  very  good  qualitative  agreement  with  the 
measured  data. 

Measured  and  predicted  temperature  isotherms  along  with 
the  predicted  velocity  field  are  shown  in  Fig.  7.  The  average 
CARS  temperatures  on  a  0.5  cm  radial  by  2  cm  axial  grid  (for 
r  =  0-7  cm  and  z  =  2-26  cm)  were  used  to  produce  the  upper 
half  of  the  temperature  contour  plot.  For  purposes  of  com¬ 
parison  and  to  assist  in  interpretation,  the  TEACH  code 
predictions  of  temperature  and  velocity  are  presented  in  the 
lower  half  of  the  figure.  For  the  sake  of  clarity,  some  of  the 
velocity  vectors  have  been  omitted  from  the  fuel  jet;  other¬ 
wise,  they  would  obscure  the  temperature  isotherms  in  this 
region.  Since  the  absolute  temperatures  measured  using  CARS 
and  predicted  by  TEACH  are  different,  the  scale  shown  in 
Fig.  7  is  normalized  to  the  maximum  temperature  in  each  half 
(1587  K  for  CARS  and  1994  K  for  predictions).  This  approach 
allows  more  convenient  comparison  of  the  qualitative 
features.  Large  toroidal  vortex  structures  are  known  to  be 
shed  from  the  bluff  body.4  An  illustration  of  the  shed  vortices 
is  superimposed  on  the  time-averaged  flowfield  calculation  in 
Fig.  7  as  a  reminder  that  the  dynamic  events  are  important  in 
discussing  the  processes  occurring  in  the  near-wake  region  of 
the  bluff  body. 

The  strong  similarity  between  the  CARS-measured  and 
TEACH-predicted  temperatures  in  Fig.  7  suggests  that  the 
predictions  contain  the  important  qualitative  features  of  the 
entire  temperature  field.  For  example,  each  isotherm  shows 
that  the  cool  fuel  is  heated  as  it  moves  downstream  and  radi¬ 
ally  outward.  Also,  each  map  shows  that  there  are  two  hot 
spots  (labeled  by  their  normalized  temperature).  The  one 
located  downstream  and  near  the  centerline  will  be  referred  to 
as  the  fuel-jet  hot  spot,  and  the  other  near  the  face  of  the  bluff 
body  wil'  be  called  the  annular-jet  hot  spot.  The  fuel  jet  hot 
spot  identified  in  the  CARS  data  is  considerably  cooler  than 
that  predicted  by  TEACH  and  is  displaced  farther  down¬ 
stream.  This  displacement  differentia)  might  be  expected 
because  this  hot  spot  is  associated  with  the  central  jet  and  the 
TEACH  code  with  the  standard  constants  normally  undcr- 
predicts  the  velocity  field  and  overpredicts  the  development  of 
a  round  jet  flow. 

Figure  7  shows  that  the  TEACH  code  predicts  the  annular 
jet  hot  spot  to  be  near  the  vortex  center  established  by  the  an¬ 
nular  jet.  This  is  supported  by  the  measured  data  in  Fig.  6. 
The  maximum  temperature  in  the  flowfield  was  measured  at 
an  axial  location  of  4  cm  and  is  shown  i  Fig.  6a.  As  noted 
earlier,  the  measured  peak  temperature  is  very  near  the  radial 
location  where  the  measured  axial  velocity  is  zero.  From 
observations  of  high-speed  movies  of  the  flame,  it  was  deter¬ 
mined  that  this  position  is  very  near  the  vortex  center.4 

The  apparent  connection  between  the  velocity  and 
temperature  fields  suggests  that  the  dominant  mechanism  of 


130 


1160 


SWITZER  ETAL. 


AIAA  JOURNAL 


Fig.  7  Comparison  of  the  time  averaged  CARS  temperature  measurements  and  TEACH  predictions  of  temperature  and  velocity  with  an  illustra¬ 
tion  of  shed  vortices. 


heat  transport  is  convection.  An  examination  of  the  TEACH 
predictions  showed  that  the  magnitude  of  convective  heat 
transport  in  the  shear  layer  of  the  bluff  body  is  at  least  an 
order  of  magnitude  larger  than  that  due  to  the  turbulent  diffu¬ 
sion  transport  at  all  but  a  few  locations  in  the  flowfield.  The 
qualitative  agreement  between  the  predictions  and  experimen¬ 
tal  data  suggests  that  the  measured  temperature  field  might 
also  be  interpreted  in  terms  of  the  convective  heat  transfer.  To 
this  end,  a  qualitative  explanation  of  the  TEACH  code  predic¬ 
tions  of  the  temperature  field,  based  on  the  mean  velocity 
field,  will  be  presented  as  a  reasonable  interpretation  of  the 
time-averaged  CARS  data. 

The  zero  axial  velocity  surface  of  the  annular  jet  vortex, 
which  is  observed  in  the  lower  half  of  Fig.  7,  is  thought  to  be 
important  for  understanding  the  cause  of  the  associated  hot 
spot.  Judging  from  the  velocity  plot,  the  zero  axial  velocity 
surface  extends  about  one  bluff-body  diameter  downstream. 
This  surface,  which  is  near  the  outer  edge  of  the  0.80-0.87 
isotherm,  is  considered  to  be  very  important  because  it 
separates  the  gases  flowing  upsteam  from  those  flowing 
downstream.  The  fluid  elements  on  either  side  of  the  surface 
haver  very  different  time  histories.  The  downstream  flow, 
which  is  outside  the  surface,  contains  mostly  cold  annulus  air 
and  some  hot  products  very  near  the  surface.  Inside  the  sur¬ 
face,  the  ignited  fuel  and  hot  products  are  convected  upstream 
by  the  mean  flow.  Tracking  the  velocity  vectors  and  isotherms 
near  the  fuel  jet  reveals  that  combustion  is  sustained  in  the 
upstream  flow  region  by  the  continuous  supply  of  hot  fuel 
from  the  outer  shear  layer  of  the  fuel  jet.  Also,  the  fuel 
transported  near  the  zero  velocity  surface  of  the  annular  jet 
vortex  must  linger  for  a  relatively  long  time  because  of  the 
very  low  velocities.  In  effect,  the  long  residence  time  ensures 
sustained  high  temperatures  in  this  region. 

The  fuel  jet  hot  spot,  as  noted  in  Fig.  7,  is  also  located  in  a 
region  where  velocities  are  very  low.  The  velocity  vector  plot 
in  Fig.  7  shows  that  the  fuel  jet  penetrates  the  recirculation 
zone  established  by  the  annular  jet.  Tracking  the  magnitude  of 
the  velocity  vectors  near  the  centerline  reveals  that  as  the  fuel 
travels  downstream,  the  velocity  decays  to  a  minimum  value 
and  then  begins  to  increase.  The  fuel  jet  hot  spot  is  located  in 
this  region  of  low  velocity.  Studies  of  high-speed  movies  of  the 
flame  also  show  that  the  fuel  jet  penetrates  the  recirculation 
zone  and  that  the  fuel  jet  hot  spot  is  located  in  a  region  where 
the  axial  velocities  are  very  low.4 

The  fuel  jet  is  heated  by  the  entrainment  of  hot  products. 
The  vortex  associated  with  the  central  jet  (see  Fig.  7)  also  has  a 
zero  axial  velocity  surface  that  separates  the  fuel  and  hot  prod¬ 


ucts  moving  downstream  from  the  products  and  reactants 
moving  upstream.  Some  of  the  hot  products  moving  upstream 
are  entrained  into  the  fuel  jet  near  the  bluff-body  face,  thus 
heating  the  fuel  as  it  moves  downstream.  By  the  time  the  fuel 
near  the  centerline  reaches  minimum  velocity,  reaction  has 
begun  as  a  result  of  the  entrained  hot  products.  Since  this 
burning  fuel  remains  for  a  considerable  time  in  this  region 
where  the  velocity  is  low,  the  temperatures  will  be  high.  The 
TEACH  predictions  indicate  that  the  radial  extent  of  the 
downstream  hot  spot  is  determined  by  the  cooling  effects  of 
the  radial  penetration  of  the  annular  jet  shear  layer.  This  can 
be  confirmed  by  tracking  the  velocity  vectors  in  the  shear  layer 
of  the  bluff  body  as  they  move  downstream. 

The  discussions  have  considered  a  time-averaged  view  of  the 
near-wake  region.  However,  it  must  be  remembered  that  the 
flow  is  very  dynamic,  with  large  toroidal  vortices  (illustrated 
in  Fig.  7)  being  shed  from  the  bluff  body.16  The  impact  of  the 
dynamic  motions  on  the  temperature  field  is  shown  in  Fig.  8. 
In  this  figure,  each  pdf  is  the  result  of  averaging  6-8  sets  of  at 
least  1500  individual  CARS  temperature  samples.  The  proba¬ 
bility  axis  height  is  0.2  and  the  temperature  axis  is  300-2400  K 
with  100  K  temperature  bin  widths  (same  as  Fig  4). 
Temperature  probabilities  of  0.2-0.27  are  represented  by 
darkened  bin  segments  and  temperature  bins  exceeding  a 
probability  of  0.27  are  clipped  at  0.2  on  the  plot  and  labeled 
with  their  actual  value.  The  worst-case  precision  of  the  experi¬ 
ment,  as  indicated  by  averaging  six  CARS  data  sets  taken  on 
different  days  in  the  shear  layer  of  the  annular  jet,  was  80  K. 
For  most  locations,  the  experiment  was  repeatable  to  40  K. 
Those  plots,  consisting  of  a  single  line,  indicate  only  “best- 
estimate”  values  of  the  thermocouple  temperatures.  CARS 
measurements  were  not  made  in  these  locations  due  to  large 
nonresonant  signal  generation  from  the  unburned  propane  in 
the  fuel  jet.  The  time-averaged  and  rms  temperatures  for  the 
particular  pdf  are  given  in  the  upper  right-hand  corner  of  each 
plot. 

The  pdf’s  in  Fig.  8  provide  a  map  of  the  annular  air 
transported  into  the  near-wake  region.  The  300  K 
temperatures  can  serve  as  a  marker  for  the  annulus  air  that  is 
unmixed  and,  thus,  unheated  by  the  combustion  process.  By 
tracking  the  radial  locations  where  the  probability  of  measur¬ 
ing  300  K  temperatures  approaches  zero  (from  the  high  side), 
one  can  determine  how  far  the  annulus  air  extends  into  the 
near-wake  region  without  being  mixed.  The  probability  of  the 
300  K  bin  yields  the  fraction  of  time  during  which  this  occurs. 
An  examination  of  the  pdf’s  for  an  axial  location  of  4  cm 
shows  that,  at  a  radial  location  of  5  cm  or  less,  there  is  zero 
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Fig.  8  CARS  temperature  pdf's  in  (he  near-wake  region  of  Ihe  bluff  body. 


probability  of  measuring  a  temperature  of  300  K  whereas,  at  6 
and  7  cm,  300  K  temperatures  will  be  measured  at  certain 
times.  This  implies  that  the  annular  flow  penetration  into  the 
near-wake  region  at  ;  -  4  cm  is  between  5  and  6  cm.  Figure  6a 
confirms  this,  since  the  measured  zero  axial  velocity  location 
separating  the  downstream  and  upstream  moving  gases  is  at 
5.3  cm.  At  the  8  cm  axial  location,  the  annular  air  does  extend 
to  the  5  cm  radial  location,  as  interpreted  by  the  nonzero  prob¬ 
ability  of  measuring  300  K.  The  location  of  the  zero  axial 
velocity  point  is  4.7  ctn,  according  to  the  LDA  data  in  Fig.  6b. 
Thus,  by  tracking  the  probability  of  measuring  a  temperature 
of  300  K,  one  can  determine  to  what  extent  unmixed  annular 
air  penetrates  the  near-wake  region  and  the  fraction  of  time 
during  which  it  happens. 


The  temperature  pdf’s  in  Fig.  8  support  the  view,  estab¬ 
lished  by  the  study  of  high-speed  movies  in  Ref.  16,  that  shed 
vortices  are  actually  responsible  for  the  transport  of  annular 
air  and  heat  (mixed  air  and  hot  products)  into  the  wake  of  the 
bluff  body.  The  presence  of  the  300  K  inlet  temperatures  at 
certain  times  and  vety  high  temperatures  at  other  times  in¬ 
dicates  that  the  flow  is  intermittent.  Indeed,  the  probability  of 
observing  the  presence  of  annular  air  is  a  measure  of  the  inter- 
mittence.  The  study  of  high-speed  movies  suggests  that  the 
cause  of  the  intermittence  is  the  occurrence  of  large-scale  shed 
vortices.  By  imagining  the  observed  large-scale  vortices  being 
convected  downstream,  as  depicted  in  Fig  7,  one  can  more 
easily  visualize  the  events  leading  to  the  transport  of  unmixed 
annular  air  into  the  near-wake  region.  As  the  vortex  rolls  up, 
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an  interface  separating  annular  air  and  products  is  formed.  As 
the  vortex  is  convected  downstream,  the  rotational  motion 
toward  the  centerline  transports  unmixed  annular  air  at  the  in¬ 
terface  deep  into  the  shear  layer  of  the  bluff  body.  As  the 
vortex  continues  to  rotate,  it  transports  reactants,  hot  prod¬ 
ucts,  and  air  radially  outward.  The  biomodal  shapes  of  the 
pdfs  indicate  the  presence  of  tnese  large  toroidal  vortices  and 
their  influence  upon  the  temperature  field. 

High-speed  movies  of  the  flame  indicate  that  the  fuel  is 
burned  in  discrete  packets,  surrounded  by  hot  products  and 
air. 16  Studies  of  high-speed  movies  of  a  laser  sheet-lit  view  of  a 
cold  reacting  flow  in  a  vertically  mounted  centerbody  suggest 
that  the  discrete  packets  of  reacting  fuel  are  vortices  shed  from 
the  fuel  jet.17  The  convection  of  these  packets  of  burning  fuel 
past  the  measurement  point  is  also  believed  to  be  responsible 
in  pari  for  the  shape  of  the  temperature  pdfs  in  Fig.  8. 

Summary  and  Conclusions 

CARS  temperature  measurements  have  been  extended  into 
the  recirculating  near-wake  region  of  a  bluff-body-stabilized 
diffusion  flame.  Corrections  foi  nonresonant  background  due 
primarily  to  the  presence  of  unburned  fuel  were  required  to 
obtain  what  is  considered  to  be  valid  CARS  data.  Attempts  to 
establish  the  accuracy  of  the  measurements  in  this  environ¬ 
ment  failed  due  to  lack  of  a  suitable  standard  technique  for 
comparing  time-averaged  temperatures.  Thermocouples, 
which  have  been  used  in  the  past  to  check  the  performance  of 
averaged  CARS  temperature  measurements  in  parabolic 
flows,  perturbed  the  near-wake  flowfield  to  such  an  extent 
that  the  data  were  unreliable.  This  was  determined  by  making 
measurements  with  thermocouples  of  three  different  shapes. 

CARS  temperature  pdfs  were  most  useful  in  providing  in¬ 
sight  into  the  dynamic  nature  of  the  turbulent  combustion 
processes  occurring  in  the  near-wake  region  of  the  bluff  body. 
By  tracking  the  probability  of  measuring  the  inlet  air 
temperature,  it  was  determined  that  unheated  and  unmixed 
annular  air  is  transported  into  the  near-wake  region  toward 
the  peak  time-averaged  temperature  and  that  the  transport  is 
intermittent.  The  bimodal  shape  of  the  temperature  pdfs  and 
previous  studies  of  high-speed  movies  of  the  flame  suggest 
that  the  transport  mechanism  of  heat,  air,  and  products  in  the 
shear  layer  of  the  bluff  body  is  due  to  the  convective  nature  of 
large-scale  vortices  shed  from  the  bluff  body. 

A  quantitative  comparison  of  experimental  results  and 
TEACH  code  predictions  was  not  attempted  in  this  study 
because  sufficient  checks  have  not  been  made  on  the 
numerical  accuracy  of  the  calculations.  However,  the  TEACH 
code  did  successfully  predict  many  of  the  qualitative  features 
of  the  mean  temperature  and  axial  velocity  data.  The  success 
of  the  predictions  is  thought  to  be  due  to  the  fact  that  the 
TEACH-calculated  radial  convective  transport  is  considerably 
larger  at  most  locations  in  the  shear  layer  of  the  bluff  body 
than  the  calculated  transport  by  turbulent  diffusion  via  the 
eddy  viscosity  model.  Also,  it  is  very  doubtful  that  the 
TEACH  code  will  provide  accurate  quantitative  predictions  of 
the  temperature  field  unless  intermittency  and  mixing  due  to 
the  large-scale  shed  vortices  are  taken  into  account. 
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ABSTRACT 

Simultaneous  velocity  measurements  of 
gas  and  droplet  phases  are  required  in 
evaluating  many  types  of  two-phase  flows. 

In  this  paper  the  Phase  Doppler  Particle 
Analyzer  (PDPA)  is  evaluated  as  a  laser 
Doppler  velocimeter  (LDV)  in  direct, 
comparative  tests  in  measuring  velocities 
in  a  30  m/s  free  jet.  In  addition,  the 
droplet  sizing  capability  of  the  PDPA  is 
used  to  evaluate  the  response  of  different 
size  droplets  to  the  local  gas  phase 
turbulence.  Results  indicate  that  the 
PDPA  performs  well  as  an  LDV  device.  Mean 
and  ras  velocities,  and  turbulent  shear 
stresses  determined  from  PDPA  and  LDV 
measurements  generally  agreed.  Notable  r 
discrepancies  were  observed  in  determining 
mean  velocities  near  zero  and  ras  values 
below  1  m/s .  In  this  flow  droplets  below 
11  micron  in  diameter  responded  nearly 
identically  to  the  submicron  particles 
used  to  seed  the  flow  for  the  LDV 
measurements.  Droplets  above  11  micron 
consistently  lagged  the  seed  particle 
behavior . 

NOMENCLATURE 

D  «  Droplet  diameter  in  micrometers 
LDV  -  Laser  Doppler  velocimeter 
(LV  in  figures) 

LOC  “  Location  in  flow  expressed  in 
nozzle  exit  diameters 
PDPA  -  Phase  Doppler  Particle  Analyzer 
(PD  in  figures) 
m/s  •  Meters  per  second 

r/R  •  Radial  position  expressed  in  nozzle 
radii 

rma  -  Root  mean  squared 

Z/D  -  Axial  position  expressed  in  nozzle 
diameters 


INTRODUCTION 

The  laser  Doppler  velocimeter  is  a 
powerful  tool  for  studying  complex, 
turbulent,  and  single-phase  reacting  or 
isothermal  flows  (1).  The  Phase  Doppler 
Particle  Analyzer  incorporates  the  basic 
LDV  capability  in  addition  to  its 
capability  to  size  spherical,  translucent 
scatterers.  The  work  reported  in  this 
paper  examines  the  capability  of  the  PDPA 
as  an  LDV  device  in  both  single  and 
two-phase  environments. 

The  assumption  that  the  seed  material 
of  the  flow  responds  infinitely  fast  to 
the  movement  of  the  continuous  phase  is 
inherent  to  an  accurate  LDV  measurement  of 
the  continuous  media.  This  assumption  is 
generally  accepted  for  particles  below 
approximately  2  or  3  micrometers  (micron) 
in  diameter.  The  typical  LDV  configura¬ 
tion,  however,  is  not  able  to  size  the 
scatterer.  Some  investigators  have  used 
the  intensity  of  the  light  scattered  by 
the  seed  particle  as  a  crude  means  to 
identify  large  scatterers  and  prevent 
their  velocity  from  contributing  to  the 
carrier  phase  measurement  (2,  3) .  Other 
instruments  have  become  available,  based 
on  LDV  principles,  but  using  additional 
information  contained  in  the  received 
signal  to  size  the  scatterer  (4,  5) .  The 
Phase  Doppler  Particle  Analyzer  represents 
the  state  of  the  art  in  this  type  of 
instrument.  The  additional  capability  of 
this  instrument  affords  experimentalists  a 
unique  potential  for  studying  two-phase 
flows . 

EXPERIMENTAL  METHODS 

Comparative  measurements  were  made  in 
a  free  jet  with  both  a  two-component 
Aerometrics,  Inc.  PDPA  and  a  two-component 
TSI,  Inc.  LDV.  Css  phase  data  were 
acquired  with  the  two  instruments  at 
numerous  positions  throughout  the  flow 
field.  Titanium  dioxide  seed,  having 
particle  sizes  typically  1  micron  in 
diameter  and  smaller,  were  used  to  obtain 
the  gas  phase  axial  and  radial  velocity 
characteristics  of  the  jet. 
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Pig.  1  Diagram  of  fr«e  jet  nozzle  assembly 

In  a  second  set  of  measurements 
involving  only  the  PDPA,  the  jet  was 
seeded  with  water  droplets.  The  sizing 
capability  of  the  PDPA  permitted  analysis 
of  the  velocity  data  as  a  function  of  the 
droplet  size.  Mean  and  rms  velocities/ 
and  turbulent  shear  stress  were  computed 
from  each  set  of  axial  and  radial  velocity 
measurements.  The  largest  droplet  which 
accurately  characterized  the  gas  phase 
flow  field  was  determined.  Further,  the 
deviation  of  the  velocity  of  larger 
droplets  from  the  velocity  of  the  gas 
phase  was  documented  as  a  function  of 
local  gas  phase  turbulence  and  the 
diameter  of  the  droplet. 

EtSD  Jet  Elflg. 

The  free  jet  was  created  by  the 
nozzle  assembly  depicted  in  Figure  1.  The 
assembly  consisted  of  a  settling  chamber, 
two  sets  of  flow  straightening  honeycombs, 
and  a  contoured  discharge  section.  The 
nozzle  assembly  was  mounted  on  a  3-axes 
traversing  table  which  enabled  the  free 
jet  to  be  precisely  positioned  relative  to 
a  fixed  optical  probe  volume.  The  nozzle 
exit  velocity  was  approximately  30  m/s  and 
its  profile  was  top-hat.  The  ratio  of  gas 
velocity  at  the  nozzle  exit  to  that  in  the 
settling  chamber  was  100:1.  The  volumetric 
flow  rate  through  the  nozzle  was  held 
constant  at  5.30  liters  per  second..  Air 
was  the  working  gas. 

The  LDV  and  PDPA  were  aligned  along 
the  same  optical  axis.  Their  transmitters 
were  positioned  180°  apart.  The  test 
article  was  positioned  between  the  two 
instruments.  There  were  at  least  25  jet 
diameters  of  free  space  around  the  jet. 

The  nozzle  assembly  was  traversed  to 
measure  the  axial  and  radial  velocity 
components  of  the  jet. 


The  flow  was  seeded  in  one  of  two 
ways.  For  gas-only  measurements  a  dry 
seed  was  used.  Titanium  dioxide  particles 
were  generated  by  reacting  titanium 
tetrachloride  with  the  water  vapor  of 
saturated  air  in  a  reaction  vessel.  The 
particles  were  then  injected  at  high  speed 
into  the  settling  chamber.  The  resulting 
agitation  upstream  of  the  flow  straight- 
enera  and  contraction  sections  insured 
uniform  particle  dispersion.  The 
particles  were  less  than  1  micron  in 
diameter  (6) . 

In  the  second  set  of  measurements  a 
water  spray  was  used  as  the  source  of  seed 
for  the  jet  flow.  A  Delavan  pressure 
atomizer,  model  0.7gph-90°,  generated  the 
droplets.  The  water  spray  was  contained 
in  a  separate  chamber  through  which  a  low 
velocity  air  flow  entrained  and  carried 
droplets  into  the  settling  chamber  of  the 
nozzle  assembly.  The  reservoir  pressure 
of  the  Delavan  nozzle  and  the  carrier  air 
flow  rate  were  adjusted  to  produce  a 
uniform  distribution  of  droplet  sizes  over 
the  diameter  range  from  submicron  to 
approximately  20  micron. 

Optical  Instrumentation 

The  LDV  used  for  these  experiments 
was  a  two-component  TSI,  Inc.  four  beam 
backscatter  system  with  several  in-house 
modifications.  The  optics  included  two 
Bragg  cells,  a  3.75X  beam  expander  with  a 
35mm  entrance  beam  separation  and  a  final 
focusing  lens  of  focal  length  450  mm.  The 
514.5  nanometer  (nm)  and  488  nm  lines  of 
the  Argon-ion  laser  operating  at  300 
milliwatts  were  used  for  all  measurements. 
The  approximate  measurement  volume 
dimensions,  based  on  l/a£  intensity 
points,  were  length  600  micron  and 
diameter  80  micron.  The  system  was 
aligned  so  that  the  two  nominally 
orthogonal  sets  of  fringes  were  inclined 
at  45°  and  135°  to  the  jet  centerline.  To 
provide  directional  sensitivity  and  to 
prevent  fringe  bias  both  sets  of  fringes 
were  shifted  at  40  MHz,  corresponding  to 
fringe  velocities  of  73  m/s.  The 
coincidence  window  for  the  axial  and 
radial  measurements  was  set  at  20 
micro-seconds . 

The  PDPA  was  a  two-component, 

Aeromet rics,  Inc.  instrument.  A  complete 
description  of  the  instrument  has  appeared 
in  the  literature  (7) .  Features  of  the 
device  pertinent  to  this  investigation 
have  been  identified  below. 

The  PDPA  was  operated  in  the  near 
forward  scattering  mode,  collecting 
predominantly  refracted  light  at  30°  off 
the  forward  axis.  Three  spatially 
distinct  detectors  are  located  in  a  single 
receiver  unit  to  independently  observe  the 
Doppler  bursts  generated  by  a  droplet 
transiting  the  probe  volume.  The  514.5  nm 
line  of  the  Argon  ion  laser  was  used  to 
form  the  interference  fringes  to  measure 
the  droplet  size  and  one  of  its  velocity 
components.  The  488  nm  line  formed  a 
second  set  of  fringes,  orthogonal  to  the 
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first,  to  •••sure  a  second  velocity 
component . 

Coincidence  of  the  two  -signals  was 
determined  by  the  degree  to  which  the 
Doppler  bursts  from  the  two  channels 
overlapped  in  time.  For  these  tests  an 
overlap  of  1%  of  the  burst  length  was 
sufficient  for  the  measurements  in  the  two 
channels  to  be  considered  coincident, 
this  value  was  selected  because  it  most 
closely  paralleled  the  criteria 
established  in  the  LDV  instrument.  The 
PDPA  criteria  was  still  aore  restrictive 
than  that  of  the  LDV  by  a  factor  of 
approximately  seven. 

The  performance  of  the  PDPA  as  a 
droplet  sizing  device  has  been  reported  in 
other  studies  (9,9)  and  was  not 
specifically  examined  in  this  evaluation. 
In  the  dry  seed  velocity  measurements  the 
sizing  feature  of  the  instrument  was 
switched  off.  For  measurements  with 
water  droplets  as  scatterers,  the  droplet 
sizing  feature  of  the  PDPA  was  turned  on. 
The  measurement  range  used  was  0.7  -  22 
micron . 

The  PDPA  transmitter  uses  circular 
diffraction  gratings,  one  per  laser  line, 
to  act  as  a  beam  splitter  and  frequency 
shift  device.  As  beam  splitters  they  are 
positioned  in  the  PDPA  transmitter  after 
the  two  predominant  laser  lines  have  been 
separated.  In  each  of  the  two  separate 
optical  paths  the  beams  are  focused  onto 
the  grating  lines.  The  two  first  order 
beams  of  both  laser  lines  are  directed 
back  to  a  single  optical  path  and  are 
captured  and  collimated  by  a  downstream 
lens.  Other  orders  of  the  diffraction 
process  are  intercepted  by  beam  masks.  The 
four  collimated  beams  (2  green  and  2  blue) 
are  then  focused  by  a  single  lens  to  form 
the  two  coincident  interferometric  probe 
volumes.  The  gratings  are  mounted  on 
motors.  They  can  be  rotated  in  either 
direction  at  speeds  between  400  and  8,000 
rpm.  This  feature  provides  a  means  of 
frequency  shifting  the  incident  light. 

The  track  and  rotational  speed  of  the 
gratings  are  independently  selectable.  In 
the  configuration  used  in  this  evaluation, 
the  available  frequency  shift  was  between 
0.219  and  4.369  MHz. 

The  probe  volumes  for  the  PDPA  and 
LDV  instruments  were  aligned  to  overlap. 

A  20  micron  aperture  was  used  in  the  set¬ 
up  procedure  to  ensure  all  eight  beams 
crossed  at  the  same  point.  Since  the 
aperture  was  appreciably  smaller  than  the 
measuring  volume  diameter,  Fraunhofer 
rings  ware  evident  when  the  beams  were 
passed  through  the  aperture  and  projected 
onto  a  screen.  IThen  all  projected  beams 
showed  Fraunhofer  rings  of  equal  intensity 
and  aysuaetry,  the  crossing  point  was 
established.  As  a  further  check,  the 
aperture  was  moved  along  the  optical  axis 
in  and  out  of  the  probe  volume  to  ensure 
that  the  four  LDV  beams  on  one  aide  of  the 
aperture  and  the  four  PDPA  beams  on  the 
other,  appeared  and  disappeared  in  unison. 


Post-Proceaslna  Techniques 

Since  the  LDV  and  PDPA  both  used  the 
same  spectral  lines  the  two  sets  of  dry 
seed  measurements  could  not  be  acquired 
simultaneously.  However,  the  measurements 
were  taken  sequentially  at  each  point  in 
the  flow  field  where  an  instrument-to- 
instrument  comparison  was  made.  Full 
jet  diameter  profiles  were  made  with  the 
LDV  in  order  to  verify  the  symmetry  of  the 
jet.  The  PDPA  was  operated  during  only 
half  of  each  diameter  profile  to  conserve 
computer  storage  space.  For  the  droplet 
seed  data  the  LDV  was  not  used  because  it 
could  not  separate  the  scatterers  it 
observed  by  sire. 

For  the  dry  seed  measurements 
a  large  data  sample  was  taken  by  both 
instruments  at  each  sampling  point  in 
the  flow.  The  LDV  and  PDPA  systems 
recorded  27,000  and  11,000  samples  per 
point,  respectively.  From  these,  axial 
and  radial  mean  and  root  mean  square 
velocities  and  the  Reynold's  stress  were 
computed  from  the  measurements  at  each 
point  in  the  flow  for  each  instrument. 

For  the  droplet  measurements  the  PDPA 
sample  size  was  limited  to  35,000 
realizations  per  point.  The  limits  upon 
the  PDPA  sample  populations  were  imposed 
by  present  data  storage  requirements. 

Both  the  LDV  and  the  PDPA  retained 
the  t ime-of-ar rival  of  each  Doppler  burst. 
This  information  permitted  post-processing 
of  the  data  to  exercise  standard  velocity 
biasing  correction  schemes.  Velocity 
biasing  occurs  as  a  result  of  the  sampling 
process,  not  the  measurement  process. 
Several  studies  have  been  performed  on 
velocity  biasing  in  LDV  devices  and  a 
variety  of  techniques  have  been  developed 
to  compensate  for  the  problem  (10).  To 
compare  the  PDPA  performance  to  that  of 
the  LDV  three  types  of  bias  correction 
schemes  were  used  to  process  the  data: 
McLaughlin-Tiederman  (11),  interarrival 
time  weighting,  and  constant  time  interval 
sampling.  Consistent  with  past 
observations  on  this  free  jet  (12),  the 
correction  schemes  did  not  significantly 
change  the  interpretation  of  the  data  and 
did  not  contribute  to  the  PDPA  -  LDV 
performance  comparison.  Therefore,  the 
only  data  reported  are  the  biased  velocity 
sets . 

RESULTS 

PLy-&RfcdJP4ti 

The  performance  of  the  PDPA  as  an  LDV 
instrument  is  presented  in  Figures  2,  3, 
and  4.  Comparisons  between  the  two 
instruments  are  presented  at  four 
positions  downstream  of  the  jet  exit:  0, 

2,  10,  and  22  nozzle  exit  diameters.  The 
0  and  2  jet  diameter  stations  illustrate 
the  near  field  behavior  of  the  jet .  The 
10  diameter  station  is  the  approximate 
position  where  the  potential  core 
collapses.  The  22  diameter  position  is  in 
the  self-similar  region  of  the  jet. 
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Fig.  2  Dry  seed  data:  radial  profiles  of 
axial  mean  and  rms  velocity 

Figure  2  shows  how  the  computed  axial 
mean  and  rms  velocity  profiles  compare. 

The  two  instruments  identify  the  same  mean 
velocity  in  both  the  near  and  far  field 
regions  of  the  jet.  However,  the  two 
instruments  consistently  differ  at  the 
transition  location  (Z/D  »  10) .  The  axial 
rms  measurements  are  the  same  at  all 
locations  except  where  the  LDV  values  dip 
below  1  m/s.  At  these  locations,  the  PDPA 
rms  values  are  consistently  higher, 
reaching  an  apparent  minimum  value. 

The  radial  rms  velocity  profiles, 
shown  in  Figure  3,  exhibit  similar 
behavior.  The  two  instruments  compare 
very  well  until  the  LDV  values  drop  below 
approximately  1  m/s.  A  more  striking 
feature  of  Figure  3  is  how  poorly  the 
instruments  compare  in  their  measurement 
of  the  radial  mean  velocity.  The  LDV 
profiles  exhibit  trends  that  are 
self-consistent.  The  PDPA  measurements 
exhibit  weak  trends  only  at  the  10  and  22 
diameter  positions.  At  the  near  field 
positions  the  data  appear  to  be  simple 
scatter  between  0  and  -1  m/s. 

Figure  4  depicts  the  Reynold's  stress 
profiles  for  the  two  instruments.  This 
value  is  based  on  the  product  of  the 
measurement  of  the  local  fluctuations  of 
the  axial  and  radial  velocities.  Since 
the  two  instruments  measure  similar  rms 
values  in  both  directions,  they  compare 
well  in  the  Reynold's  stress  computation. 

The  dry  seed  data  raises  three  issues 
in  comparing  the  LDV  and  PDPA  instruments: 
first,  the  apparent  asymptotic  limit  of 
the  PDPA  in  measuring  low  rms  values; 
second,  the  poor  resolution  of  the  PDPA  in 


Fig.  3  Dry  seed  data:  radial  profiles 

of  radial  mean  and  rms  velocity 
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Fig.  4  Dry  seed  data:  diameter  profiles  of 
Reynold's  stress 
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Fig.  5  Droplet  data:  axial  decay  of 
centerline  velocity 

measuring  velocities  near  zero;  and  third, 
the  discrepancy  in  the  mean  axial 
measurements  in  the  region  near  the  end  of 
the  potential  core.  These  issues  will  be 
addressed  in  the  discussion  section. 

Pispltt  S-teded  fig*  Measurement  a 

The  droplet  data  are  analyzed  in 
five  droplet  diameter  groups  between  0.7 
and  22  micron.  See  the  Figure  5  legend 
for  details.  For  each  group  the  mean  and 
rms  axial  and  radial  velocities  and  the 
Reynold's  stress  are  computed. 

Figure  5  illustrates  the  decay  of 
the  jet  centerline  axial  velocity  as  a 
function  of  distance  from  the  nozzle  exit 
and  droplet  size.  Overplotted  on  this 
data  are  the  LDV  values  for  reference. 
Qualitatively,  all  droplet  sizes  follow 
the  gas  phase  measurements.  However,  at 
each  axial  station  note  that  the  droplet 
data  are,  in  general,  consistently  ordered 
by  diameter.  From  Z/D«*0  to  4  the  large 
drops  lag  the  smaller  drops.  At  Z/D-4  and 
5  all  droplet  classes  exhibit  similar 
behavior  in  the  mean  flow.  Beyond  the 
Z/D-5  position  the  droplet  groups  reverse 
their  order  with  the  large  drops 
decelerating  at  a  slower  rate  than  the 
small  drops.  The  separation  in  the 
measurements  for  different  size  groups  is 
widest  at  the  nozzle  exit.  It  narrows  as 
all  the  droplets  reach  the  same  velocity 
due  to  differences  in  their  rate  of 
deceleration.  It  broadens  again  at  the 
end  of  the  potential  core.  In  the 
self-similar  region,  the  separation  in 
the  measurements  again  narrows. 


Radial  profiles  of  the  axial  mean  and 
rms  velocity  at  four  axial  positions  are 
presented  in  Figure  €.  These  figures 
illustrate  the  variation  in  the  velocity 
quantities  as  a  function  of  droplet  size 
class.  Overplotted  on  each  figure  are  the 
LDV  results.  The  dry  seed  and  droplet 
data  were  acquired  during  tests  separated 
by  several  weeks.  Minor  variations  in 
the  jet  reference  velocity  from 
test-to-test  are  removed  by  normalizing 
the  mean  velocities.  The  LDV  data  are 
normalized  by  the  centerline  value  at  that 
axial  station.  The  PDPA  droplet  data  are 
normalized  by  the  centerline  velocity  of 
the  smallest  diameter  droplet  class. 

At  the  nozzle  exit  (Figure  6a,  Z/D=0) 
the  gas  and  droplets  have  been  accelerated 
through  the  contraction  section  of  the 
nozzle  assembly.  The  center  streamline  of 
the  jet  between  the  beginning  and  end  of 
the  contraction  process  (recall  Figure  1) 
is  the  shortest.  The  streamline  following 
the  contraction  contour  is  the  longest. 
Therefore,  droplets  in  the  center  of  the 
nozzle  contraction  have  less  length 
over  which  to  interact  with  the 
accelerating  gas;  those  at  the  edge  have 
the  longest  interaction  time.  Droplets 
larger  than  11  microns  are  not  fully 
accelerated  to  the  local  gas  velocity  and 
exhibit  higher  rms  values.  This  is  most 
pronounced  at  the  jet  center  with  the 
effect  diminishing  towards  the  edge. 

At  Z/D-0  the  droplets  are  only 
observed  out  to  approximately  85%  of  the 
nozzle  radius.  They  are  not  in  the  high 
shear  flow  close  to  the  jet  boundary. 

Thus,  the  radially  outer  most  measurement 
point  is  in  a  low  turbulence  area;  drops 
of  all  sizes  have  reached  the  same  mean 
flow  and  exhibit  the  same  level  of 
fluctuation. 

The  accelerating  influence  of  the 
nozzle  contraction  ends  at  the  exit 
plane.  At  that  point  gravity  and 
entrainment  processes  work  to  decelerate 
the  droplets  and  the  gas.  At  two 
diameters  downstream  of  the  exit  plane 
(Figure  6b)  all  but  the  largest  class  of 
droplets  have  equilibrated  to  the  same 
mean  velocity  out  to  a  radial  position  of 
r/R»0.5.  The  rms  levels  exhibit 
expected  trends.  Different  droplet 
classes  begin  to  illustrate  differences  in 
their  response  to  the  local  gas  phase 
turbulence.  The  separation  in  the  rms 
measurements  of  the  different  size  classes 
increases  with  distance  away  from  the  jet 
centerline.  The  influence  of  the  shear 
layer  extends  closer  towards  the  jet 
centerline . 

It  should  be  noted  that  at  both  Z/D 
of  0  and  2  the  droplet  measurements 
indicate  very  low  rms  values  in  the 
central  region  of  the  jet.  This  is  in 
direct  contrast  to  the  dry  seed 
measurements  presented  in  Figure  2.  The 
apparent  lower  limit  reached  by  the  PDPA 
in  determining  the  rms  for  the  dry  seed 
tests  is  not  encountered  when  measuring 
droplets.  This  is  true  for  the  droplets 
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Fig.  6  Droplet  data:  radial  profiles  of  axial  mean  and  rms  velocity 


smaller  than  4  microns  (comparable  in  size  the  rB8  profile  but  differ  in  their 
to  the  titanium  dioxide  seed  particles)  as  values.  The  maximum  variation  in  the  rms 
well  as  for  some  larger  droplets.  values  determined  for  different  size 

Operationally,  the  only  difference  in  the  classes  at  a  single  location  at  this 

two  sets  of  data  is  that  the  particle  station  is  1  m/s  (local  gas  phase  rms 

sizing  feature  of  the  PDPA  was  switched  is  43  m/s).  Amongst  droplets  less  than 

on  for  the  droplet  measurements  and  off  il  microns  the  maximum  variation  is  0.5 

for  the  dry  seed  data.  The  discrepancy  «/»  (local  gas  phase  rms  is  3.2  m/s), 

in  the  two  data  sets  remains  unexplained.  ®y  thB  Z/D-10  station  the  droplet 

By  the  Z/D-6  station  the  gas  has  population  is  significantly  diminished, 

decelerated  to  a  mean  velocity  lower  than  particularly  at  the  edge  of  the  jet. 

the  larger  droplets  (Figure  6c) .  Droplets  Therefore,  this  is  the  last  station 
>  below  11  microns  exhibit  gas  phase  where  a  radial  profile  could  be  generated, 

behavior  in  terms  of  their  mean  velocity.  Figure  6d  illustrates  the  results.  The 
The  11  to  15  micron  drops  are  slightly  variation  in  the  mean  axial  velocities  is 

faster  than  the  gas  and  consistently  within  2  m/s  and,  generally,  the 

slower  than  the  droplets  larger  than  15  values  are  ordered  according  to  droplet 

microns.  The  rms  values  show  more  of  a  size.  Variation  in  the  rms  measurements 

separation  for  the  different  size  classes  ar*  typically  within  0.5  m/s  and  are 
than  do  the  mean  values.  All  sizes  randomly  ordered.  The  jet  is  not 

qualitatively  indicate  the  same  trends  in  self-similar  at  this  point  but  is 

beginning  to  exhibit  that  behavior. 
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In  a  previous  analysis  (13)  of  PDPA 
measurement  errors  in  low  mean  and  rms 
velocity  flows,  two  problems  were 
observed.  First,  the  current  grating 
motors  exhibited  a  rotational  instability, 
which  generated  a  constant  noise  band  of 
approximately  40  kHz  for  all  values  of 
frequency  shift  up  to  about  3  MHz. 

Between  shifts  of  3  and  5  MHz  the  observed 
level  of  noise  was  higher  and  more 
irregular.  Second,  in  measuring 
velocities  near  zero  (0.38  m/s)  an  error 
of  3%  was  noted  with  no  frequency  shift 
and  up  to  451  when  a  shift  of  2  MHz  was 
applied.  For  the  zero-shift  case  the 
source  of  the  error  has  not  been 
determined . 

In  the  dry  seed  tests  no  frequency 
shift  was  applied  to  the  PDPA  measurements 
at  Z/D-0.  Thus,  the  rotational  instabil¬ 
ities  of  the  grating  motor  do  not  account 
for  the  error  in  the  rms  measurement. 

At  Z/D-2  the  grating  rotational 
instability  may  be  pertinent.  For  the 
PDPA  dry  seed  measurements  out  to  a  radial 
position  of  r/R»0.75,  a  1  MHz  shift  was 
imposed  on  the  axial  velocity 
measurements.  Mith  the  5  micron  fringe 
spacing  the  40  kHz  noise  of  the  grating 
motor  translates  to  a  velocity  error  of  up 
to  0.2  m/s.  The  computed  resolution  of 
the  LDV  is  0.04  m/s.  The  total  difference 
between  the  LDV  and  PDPA  rms  measurements 
in  this  region  is  approximately  0.4  m/s. 

The  grating  motor  problem  accounts  for 
half  of  the  discrepancy. 

The  PDPA  radial  velocity  measurements 
were  all  made  with  a  constant  4  MHz 
frequency  shift.  The  very  low  rms 
measurements  incurred  the  same  problems 
facing  the  comparable  axial  measurements. 
The  higher  rms  values  agree  with  the  LDV 
in  spite  of  the  large  frequency  shift  used 
by  the  PDPA.  In  light  of  the  problems 
noted  above  with  the  rotational 
instabilities  at  high  values  of  frequency 
shift,  the  agreement  in  the  data  may  be 
suspicious.  It  is  speculated  that  it 
results  from  maintaining  a  constant, 
albeit  high,  frequency  shift  for  all  the 
radial  measurements .  Conversely,  the 
problem  in  measuring  the  radial  mean 
velocity  is  entirely  consistent  with  the 
earlier  attempts  to  identify  near-zero 
velocities  with  frequency  shifted  PDPA 
measurements . 

Considering  only  the  dry  seed  data 
it  could  be  concluded  that  the  PDPA 
performed  very  well  as  an  LDV  device. 

First,  the  apparent  lower  limit  reached  by 
the  PDPA  in  measuring  rms  values  below  1 
m/s  can  be  explained  in  part  by  the 
rotational  instability  observed  in  the 
diffraction  grating  motors.  The  errors 
not  covered  by  this  anomaly  are  small  and 
occur  only  at  low  rms  levels.  Second,  the 
errors  in  measuring  a  near-zero  mean  are 
not  uncommon  in  two-component  measurements 
when  the  orthogonal  flow  is  substantially 
higher  than  zero.  Finally,  the 


measurement  discrepancy  noted  near  the 
end  of  the  potential  core  (Z/D«10)  is 
constant  at  approximately  1  m/s.  This 
measurement  location  is  most  challenging 
because  of  the  unsteady  behavior  of  the 
jet  in  this  region. 

The  major  challenge  to  the  above 
conclusion  arises  from  the  droplet  data. 

In  this  set  of  measurements  very  low  rms 
values  were  recorded  for  droplets  from 
submicron  to  11  micron  at  the  Z/D 
stations  of  0  and  2.  The  PDPA  droplet 
rms  values  follow  those  of  the  LDV  down 
below  0.3  m/s,  well  below  the  apparent 
limit  observed  in  the  PDPA  dry  seed  data. 
Mhen  the  sizing  feature  of  the  PDPA  is  on, 
an  additional  layer  of  checks  is  imposed 
on  the  quality  of  the  raw  Doppler  signal. 
The  on-off  status  of  this  feature  was  the 
only  difference  in  the  measurement  sets. 

It  is  possible  that  the  additional 
signal  filtering  of  the  sizing  feature  is 
a  necessary  element  of  PDPA  measurements 
in  flows  with  low  rms  values. 

The  droplet  seed  data  were  all  well 
ordered  and  followed  expected  trends. 
Further,  the  droplets  below  11  microns 
generally  followed  the  mean  velocity 
behavior  of  the  LDV  measurements. 

Droplets  below  7  microns  closely  tracked 
the  rms  velocity  behavior  of  the  LDV 
measurements.  Mhere  droplet  size  was 
important,  the  trends  were  consistent  and 
ordered  with  droplet  diameter. 

CONCLUSIONS 

The  PDPA  performed  well  in 
characterizing  the  velocity  field  of  a  30 
m/s  free  jet.  It  tracked  the  LDV  data 
point-f or-point  in  the  measurement  of  the 
axial  mean  velocity  and  the  higher  levels 
of  axial  and  radial  rms  velocities.  The 
radial  mean  velocities  and  rms  velocities 
below  1  m/s  were  poorly  tracked.  For 
PDPA  measurements  utilizing  frequency 
shift,  some  of  the  differences  in  the 
two  instruments  can  be  resolved.  There 
are  known  errors  that  result  from  the 
instabilities  observed  in  the  rotation  of 
the  diffraction  gratings  used  as  beam 
splitters  and  as  a  source  of  frequency 
shift  in  the  PDPA.  Steps  have  been  taken 
by  the  manufacturer  to  resolve  the 
problem.  Some  of  the  instrument 
discrepancies,  particularly  for  the 
unshifted  measurements,  remain  unresolved. 

The  PDPA  performed  well  in 
measuring  gas  phase  velocities  in  a 
dilute  two  phase  flow.  Droplets  below  7 
micron  in  diameter  tracked  the  mean  and 
rms  LDV  measurements.  Measurements  of  the 
larger  droplets  first  deviated  from  the 
LDV  rms  values;  then,  in  more  turbulent 
areas  of  the  jet,  the  mean  flows 
deviated.  In  all  cases  the  data  were 
consistently  well  ordered  according  to 
the  size  of  the  droplet. 

In  a  polydispersed  spray  the  smaller 
droplets  can  be  used  to  identify  the  mean 
and  rms  velocity  characteristics  of  the 
gas  phase.  The  problems  of  seed  density 
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biasing,  velocity  biasing,  and  other 
sources  of  error  in  an  LDV  device  apply  to 
the  PDPA  measurement  a .  But  with 
sufficient  care  and  a  sufficient 
population  of  saall  droplets  the 
measurements  can  be  reliable. 
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Aba  tract 

Spray  evaporative  cooling  has  been 
demonstrated  to  be  a  viable  aethod  to  remove  very 
high  heat  fluxes  froa  surfaces  with  low  superheats 
(surface  teaperature  ainus  fluid  saturation 

2 

teaperature).  Heat  fluxes  greater  than  1100  W/ca 
have  been  reaoved  froa  a  surface  aaintained  below 
160  *C  by  spraying  water  directly  onto  the  surface 
at  one  ataosphere.  This  type  of  cooling  provides 
heat  transfer  coefficients  and  critical  heat  fluxes 
an  order  of  aagnitude  greater  than  those  found  in 
conventional  pool  boiling.  It  has  been  determined 
that  the  spray  characteristics  affect  the  heat 
transfer  process  significantly.  The  observed  heat 
fluxes  and  heat  transfer  coefficients  are  explained 
through  the  analysis  of  the  spray  characteristics. 
The  droplet/vapor  interaction  can  also  affect  the 
transition  froa  a  wetted  surface  evaporation  to  a 
fila  boiling  condition. 

Background 

High  power  density  spray  cooling  has  been 
receiving  a  considerable  amount  of  attention. 
Advances  in  VLSI  circuitry  require  the  removal  of 
large  heat  fluxes  at  near  room  teaperature  to 
maintain  the  reliability  of  the  electronic 
components. 

The  objective  of  this  research  is  to 
experimentally  investigate  spray  cooling  by 
identifying  the  effects  of  spray  characteristics  on 
the  heat  transfer  process.  This  research  is 
necessary  so  that  the  most  efficient  heat  removal 
conditions  can  be  achieved. 

Analysis  of  previously  published  data  for 
similar  experimentation  where  surfaces  are  spray 
cooled  with  water  in  air  at  one  ataosphere 
indicates  that  the  heat  transfer  is  highly 
dependent  on  the  spray  characteristics.  Toda 
performed  experiments  which  showed  critical  heat 

2 

flux  values  of  200  to  250  W/ca  consistently 
occurred  at  a  surface  superheat  between  30  and  60 

*C. *  Boatman  and  Ernst  deaonstrated  that  heat 

2 

fluxes  of  up  to  2000  W/ca  can  be  reaoved  froa  a 

2 

surface  aaintained  at  300  *C.  However,  if  all  the 
heat  was  reaoved  by  liquid  evaporation,  only  0.2  ft 


of  the  water  delivered  to  the  surface  would  be 
evaporated.  This  indicates  that  the  majority  of 
the  heat  was  reaoved  by  subcooled  flow  boiling. 

The  liquid  next  to  the  surface  evaporates  and  then 
recondensea  delivering  the  heat  to  the  bulk  of  the 
remaining  fluid.  Bonacina  et  al.  investigated  the 
low  heat  flux  range  using  very  low  percentages  of 
3 

surface  saturation.  Practically  all  of  the  liquid 
delivered  to  the  surface  was  evaporated.  Their 
data  indicates  that  droplet  siee  greatly  affects 
the  heat  transfer  coefficient.  For  similar  droplet 
velocity  and  surface  saturation,  variation  in 
droplet  diameter  yielded  heat  transfer  coefficients 
2 

between  1.5  and  15  W/cm  *C.  Smaller  droplets 
yield  thinner  liquid  films.  Since  the  heat 
transfer  coefficient  is  dependent  on  conduction 
through  the  liquid  film,  thinner  films  give  more 
efficient  heat  transfer. 

The  wide  variation  in  data  indicates  that 
extensive  testing  to  quantify  the  effects  of  the 
spray  characteristics  on  the  heat  transfer  process 
is  necessary  to  identify  the  limits  of  evaporative 
cooling. 

Experimental  Design  and  Procedure 

The  high  power  density  evaporative  cooling 
test  apparatus  is  shown  in  Figure  1.  The  heater 
block  is  a  solid  copper  cylinder  10.16  cm  in 
diameter.  Six  1000-Watt  cartridge  heaters  are 
inserted  into  the  heater  block.  These  heaters  are 
controlled  with  a  rheostat  so  that  a  variable  power 
input  nay  be  obtained.  The  test  surface  is  clamped 
to  the  heater  block  which  is  supported  in  a 
plexiglass  box  and  surrounded  with  ceramic  fiber 
insulation.  A  machinable  ceramic  seal  and 
stainless  steel  cover  are  used  to  protect  the 
insulation  from  the  spray  and  ensure  that  heat 
removal  occurred  only  by  evaporation  from  the 
exposed  test  surface.  This  apparatus  is  capable  of 

2 

supplying  up  to  1200  W/cm  to  a  2.0  cm  diameter 
smooth  copper  surface. 

During  testing,  the  temperature  gradient  just 
below  the  sprayed  surface  is  measured  by  six 
thermocouples.  Three  thermocouples  measure  the 
temperature  gradient  at  the  centerline.  The  other 
three  measure  the  teaperature  gradient  at  a  radial 
distance  of  0.5  cm.  A  data  logger  is  used  to 
record  the  temperature  measurements,  calculate  the 
heat  flux  and  then  extrapolate  to  estimate  the 
surface  temperature. 
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Spray  Characterist ics 


TEFLON  SEAL 


Fig.  1  Experimental  Apparatus 

A  variable  speed  magnetic  drive  gear  pump  is 
used  to  control  the  nozzle  pressure  accurately 
between  10  and  90  psig.  The  pressure  and  flow  rate 
are  measured.  There  are  five  different  nozzles 
ranging  from  0.51  to  0.76  n  in  orifice  diameter. 
The  droplet  diameters,  velocities,  and  flow  rates 
for  the  experiments  performed  are  presented  in  the 
following  section.  The  distance  between  the  nozzle 
and  the  test  surface  can  be  varied  but  was  left  at 
1.9  cm  for  the  cases  presented  here. 

For  each  experimental  run,  the  following 
procedure  was  followed. 

1.  The  surface  was  cleaned  to  remove  any 
oxidation  or  dirt. 

2.  The  nozzle  pressure  was  set  to  the  desired 
value. 

3.  The  power  to  the  heater  block  was 
gradually  increased  at  a  rate  slow  enough  to 
ensure  quas i -  s t eady  measurements.  The  energy 
stored  in  the  section  just  below  the  test 
surface  was  less  than  0.1  X  of  the  heat 
removed  by  evaporation.  This  percentage  was 
monitored  and  kept  as  low  as  possible  for  all 
runs. 

4.  When  the  critical  heat  flux  was  reached, 
or  the  heater  block  temperature  became  too 
high,  the  healer  power  was  turned  off  and  the 
apparatus  was  allowed  to  slowly  cool  down. 


For  the  experimental  results  considered  in 
this  paper,  five  different  spray  nozzles  were  used. 
The  characteristics  of  these  nozzles,  operating  at 
various  pressures,  govern  the  heat  transfer. 
Knowledge  of  the  droplet  diameter  and  velocity 
distributions,  and  the  volume  flux  profiles  is  of 
vital  importance  to  the  understanding  and  analysis 
of  the  experimental  results.  Table  1  shows  the 
orifice  diameter,  nominal  volumetric  flow  rate,  and 
spray  cone  angle  for  the  five  nozzles  tested.  More 
important  information  concerning  the  spray 
characterist ics  was  obtained  using  a  laser  phase 
doppler  system.  Figure  2  shows  the  droplet 
diameter  and  velocity  distribution  for  nozzles  2 
and  5.  The  Measurements  were  taken  at  the  center 
of  the  spray  cone  at  an  axial  distance  of  1.7  cm 
from  the  nozzle  tip  while  operating  at  20  psig.  It 
is  seen  that  the  droplet  velocities  and  diameters 
are  about  the  same.  The  only  difference  is  in  the 
volume  flux. 

Figure  3  shows  the  volume  flux  and  arithmetic 
mean  diameter  plotted  against  radial  position  for 
nozzle  2.  The  figure  shows  that  significantly  less 
liquid  is  delivered  to  the  center  of  the  surface. 
These  measurements  of  the  spray  characteristics 
were  performed  without  spraying  onto  the  heated 
surface.  The  actual  droplet  velocities  and  the 
volume  flux  during  the  experiments  would  be 
decreased  due  to  increased  drag  from  the  escaping 
vapor,  and  droplet  rebound.  The  velocity  of  the 
impinging  droplets  is  governed  by  the  following 
equation  which  balances  the  drag  and  the  droplet 
deceleration. 

(u-v)  =  (u-vo)exp(-I8pt/pd*) 

where  u  =  vapor  escape  velocity 
v  -  droplet  velocity 
vq  =  droplet  velocity  at  nozzle  exit 

p  ~  vapor  dynamic  viscosity 
p  -  droplet  density 
d  =  droplet  diameter 
t  =  time 

Obviously,  as  the  heat  flux  increases,  the  vapor 
escape  velocity  will  increase,  thus  decreasing  the 
droplets  impact  velocity.  As  the  droplet  diameter 
decreases,  the  velocity  of  the  droplet  will 
approach  the  velocity  of  the  escaping  vapor  much 
faster.  Therefore  the  smaller  droplets  become 
entrained  much  more  easily.  This  compounds  the 
problem  of  insufficient  liquid  supply  to  the  center 
of  the  surface.  The  droplet  rebound  is  governed  by 
the  Weber  number. 


Table  1  Nozzle  Characteristics 


Nozzle 

Orifice 

Flow 

Rate  (gph) 

Cone 

Angle 

dia.  ( in) 

20  ps  i  R 

30  psig 

40  psig 

20  psig 

40  psig 

1 

0.020 

2.5 

3.1 

3.6 

50* 

00 

• 

2 

0.022 

3.4 

4.1 

4.8 

56* 

60® 

3 

0.024 

4.3 

5.2 

6.0 

56° 

60® 

4 

0.027 

5.  1 

6.0 

7.2 

54® 

59® 

.6 

0.030 

6.0 

7.2 

8.4 

54® 

60® 

2 
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ScO 

where  o  dioplet  surface  tension 

At  Weber  numbers  greater  thun  80,  droplet 

disintegration  and  rebound  usually  occurs.^  Since 
the  droplet  impact  velocity  increases  with  droplet 
diameter,  based  on  the  previous  equation,  the  Weber 
number  increases  dramatically  with  slight  im lenses 
in  droplet  diameter.  These  equations  demonstrate 
ihnl  there  is  only  a  very  small  range  of  diupiet 
diameters  and  velocities  that  will  tesult  in 
effective  heat  removal.  If  the  diameters  and 
velocities  are  to.,  low,  the  droplets  will  be 
entinined  in  the  escaping  vapoi  ,  thus  1  ig.it  mg  the 
critical  heat  flux.  If  they  are  too  iaige,  they 
will  disintegrate  and  tehound.  Ihis  lesults  in  low 
heal  transfer  coefficients. 

lxneriniont.il  Results  and  Discussion 

The  experimental  results  ai  pi.-sented  in  the 
form  of  curves  showing  the  surface  heat  flux 
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plotted  against  the  surface  superheat.  The  effects 
of  vaiiation  in  the  spray  characteristics  and 
general  observations  concerning  the  heat  transfer 
process  arc  discussed. 

The  curves  plotted  in  Figure  4  indicate  that 
there  are  different  heat  transfer  mechanisms  which 
occur  in  the  wetting  region.  For  these  cases,  it 
appears  that  until  the  surface  superheat  reaches 
approximately  35  °C ,  the  heat  transfer  is 
predominantly  due  to  forced  convection.  This  is 
evident  due  to  the  linear  dependence  of  heat  flux 
on  I  ho  supei  heat  .  Also,  if  all  the  liipud  was 
raised  to  the  fluid  saturation  temperature,  the 
heat  flux  values  indicated  in  figure  4  could  be 
removed  with  no  evaporation.  Above  this  superheat, 
the  liquid  supply  begins  to  deplete  due  to 
increased  evaporation  rates  resulting  in  more 
efficient  evaporation  heat  transfer.  This 
continues  until  the  liquid  supply  becomes 
insufficient  to  sustain  the  heat  flux.  At  this 
point .  the  surface  temperature  begins  to  rise 
rapidly  until  the  critical  heat  flux  is  reached. 
Some  of  the  curves  do  not  show  this  rise  because 
data  points  were  taken  at  five  minute  intervals. 
When  the  liquid  supply  becomes  deficient,  the 
critical  heat  flux  is  reached  very  quickly.  At  the 
critical  heat  flux,  roughly  20\  of  the  fluid 
sprayed  at  the  surface  is  evaporated. 


in  the  center  first.  This  is  supported  by  the 
thermocouple  readings.  They  indicated  that  the 
heat  flux  to  the  center  of  the  surface  was  less 
than  that  at  the  location  of  the  outer 
thermocouples.  The  thermocouples  also  predict  n 
higher  temperature  in  the  center  of  the  surface. 
Also,  as  shown  in  Figure  2,  the  droplet  sizes  and 
velocities  are  relatively  equal  in  the  center  of 
the  spray,  this  indicates  that  the  critical  heat 
flux  is  mainly  governed  by  the  volume  flux.  The 
volume  flux  nt  the  center  increases  with  increasing 
orifice  diameter.  Consequently,  the  critical  heat 
flux  should  increase  with  orifice  diameter.  Figure 
4  supports  this  contention. 

Wien  a  stable  vapor  layer  blankets  the  entire 
surface,  heat  has  to  be  conducted  through  the  vapor 
film  before  liquid  evaporation  con  take  place.  Due 
to  the  low  thermal  conductivity  of  the  vapor,  the 
surface  temperature  jumps  200  -  400  °C  and  the  heat 
flux  drops  off  dramatically.  At  this  point  the 
experiment  was  concluded.  No  data  in  the  film 
boiling  region  is  presented. 

Figure  5  shows  the  heat  flux  versus  superheat 
for  nozzle  1  at  three  different  pressures.  The 
curves  indicate  that  increasing  the  pressure  and 
the  flow  rBte  delays  the  onset  of  film  boiling  but 
decreases  the  heat  transfer  coefficient.  It  is 
believed  that  the  drop  in  heat  transfer  coefficient 
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is  due  to  increased  droplet  rebound.  The  average 
Weber  numbers  for  the  higher  pressure  experiments 
are  greater  than  100  based  on  the  velocity  meosured 
with  no  vapor  generation.  Droplets  thut  rebound 
are  very  ineffective  at  removing  heat  because  of 
their  low  residence  time  on  the  surface.  Figure  6 
shows  curves  for  the  same  pressures  for  nozzle  2. 
The  droplet  rebound  for  the  30  and  40  psig  eases 
was  significantly  greater  than  the  30  and  40  psig 
cases  in  Figure  5.  The  heat  transfer  coefficient 
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drops  off  even  more  drastically  and  the  critical 
beat  flux  was  never  reached  for  the  two  higher 
pressure  curves.  It  is  believed  that  the  liquid 
supply  would  eventually  begin  to  deplete  due  to 
increased  evaporation  resulting  in  an  increase  in 
heat  flux.  However,  the  heaters  were  turned  off 
before  this  occurred  because  the  surface  and  heater 
block  temperatures  were  auch  too  high.  The  heat 
transfer  for  the  higher  pressure  cases  is  still 
predoainantly  due  to  forced  convection.  The  huap 
in  the  30  psig  curve  corresponds  to  the  depletion 
of  liquid  in  the  center  of  the  surface.  The  curve 
leveled  off  after  a  stable  vapor  layer  developed  in 
the  center  of  the  surface.  At  the  edge  of  this 
layer  where  the  surface  was  wet,  intense 
evaporation  occurred.  Further  sway  froa  the  center 
the  heat  transfer  was  still  predoainantly  forced 
convection. 


Fig.  5  Heat  Flux  vs.  Superheat, 
Nozzle  1 


Fig.  fi  Moat  Flux  vs.  Supcrhc-nt , 

Nozzle  2 

Figure  7  shows  the  effect  of  surface 
saturation  on  the  heat  transfer  coefficient.  Both 
curves  are  plotted  for  nozzle  3  nl  30  pxjg.  The 
Jags  in  the  off/on  curve  result  from  momentarily 
turning  off  the  water,  letting  the  surface  totally 
dry  out,  and  then  restarting  the  spray.  The  first 
point  on  the  snoot h  curve  occurs  after  the  water 
was  turned  off,  and  then  restarted  once.  Each  Itac 


the  water  is  turned  back  on,  the  jagged  curve 
approaches  the  saooth  curve  as  the  surface 
saturation  increases.  This  indicates  that  if 
sufficient  liquid  could  be  supplied  while 
Maintaining  the  surface  saturation  at  a  minimus, 
the  efficiency  of  the  heet  transfer  process  could 
be  greatly  iaproved.  This  is  due  to  the  extreaely 
high  evaporation  rates  which  occur  at  the  interface 
where  the  liquid  surface  is  in  contact  with  the 
test  surface.  When  the  surface  is  flooded,  the 
heat  Must  be  conducted  through  thicker  liquid 
layers  before  evaporation  can  occur  froa  the  upper 
liquid  vapor  interface. 


Fig.  7  Heat  flux  vs.  Superheat,  Nozzle  3, 
Effect  of  Surface  Saturation 


Figure  8  was  plotted  to  show  the  repeatability 
of  the  experimental  measurements.  The  maxiaua 
point  on  run  nuaber  2  was  not  the  critical  heat 
flux  value.  This  curve  shows  that  if  the  saae 
conditions  are  employed  the  data  is  repeatable. 
However,  the  saturation  condition  can  cause  a 
hysteresis  effect  and  the  curves  can  be  different 
for  short  periods  of  time  as  indicated  in  Figure  7. 


Fig.  8  Dale  Repeatability 

Comparison  with  Previous  Results 

This  section  compares  the  present  experimental 
results  to  those  previously  published.  It  is  seen 
that  the  critical  heat  flux  values  are  much  higher 

than  those  obtained  by  Toda.*  Tods  used  a  volume 
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flow  rate  of  about  1  gph  or  less.  His  droplet 
velocities  and  droplet  sizes  were  on  the  order  of 
50  m/s  and  200  fM,  respectively.  These  give  much 
greater  Weber  numbers  compared  to  the  present 
experiment  and  consequently  more  droplet  rebound, 
resulting  in  a  liquid  deficiency  at  a  much  lower 

3 

heat  flux.  Bonacina  et  al.  supplied  very  small 
amounts  of  liquid  at  low  velocity.  Their  volume 
flow  rate  was  1-2  gph.  The  droplet  velocities  and 
droplet  sizes  were  approximately  1-2  m/s  and  50-100 
tm,  respectively.  The  heat  transfer  coefficients 
they  obtained  were  very  large.  The  maximum  heat 

2 

flux  removed  was  about  200  W/cm  .  They  speculated 
that  much  larger  heat  fluxes  could  have  been 
obtained,  however  this  was  not  investigated  due  to 
apparatus  limitations.  There  was  no  droplet 
rebound  or  excess  liquid  for  these  cases.  Eastman 
2 

and  Ernst  used  liquid  flow  rates  two  orders  of 
magnitude  greater  than  the  experiments  presented 
here.  Although  the  heat  fluxes  were  very  high,  the 
heat  transfer  coefficients  were  very  low.  For  a 
2 

heat  flux  of  1000  W/cm  ,  the  present  experiment 
yielded  a  surface  superheat  of  only  45  °C  while 
Eastman  and  Ernst  obtained  superheats  of  over  100 
•C. 
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Conclusions 

It  is  concluded  that  the  spray  characteristics 
govern  the  heat  transfer  process  for  this  type  of 
high  power  density  evaporative  cooling.  Just  as  in 
pool  boiling,  the  interaction  between  the  liquid 
and  the  vapor  has  a  significant  effect  on  the 
critical  heat  flux.  An  optimal  spray  can  be  chosen 
to  provide  the  most  effective  conditions  for 
supplying  sufficient  liquid  to  the  surface  at  low 
enough  Weber  number  to  avoid  undesirable  droplet 
disintegration  and  rebound.  This  can  be 
accomplished  by  repeating  some  of  the  tests 
presented  here  with  accurate  laser  phase  doppler 
measurements  while  the  heat  transfer  is  occurring 
to  quantify  the  effects  of  increasing  heat  flux  on 
the  spray  characteristics.  It  is  recommended  that 
the  volume  flux  to  the  center  of  the  surface  be 
increased  to  delay  the  generation  of  a  vapor  layer. 
This  has  been  shown  to  increase  the  critical  heat 
flux.  The  droplet  velocities  must  be  large  enough 
for  the  water  to  reach  the  surface  but  low  enough 
to  avoid  excessive  rebound.  Excess  water  should  be 
kept  to  a  minimum  to  improve  heat  transfer 
coefficients  by  maintaining  lower  levels  of  surface 
saturation  or  thinner  liquid  films. 

In  addition  to  the  spray  characteristics,  the 
surface  saturation  conditions  and  the  liquid  film 
thickness  also  need  to  be  accurately  measured 
before  accurate  predictions  of  critical  heat  fluxes 
and  superheats  can  be  made.  Higher  droplet 
velocities  and  larger  diameters  delay  the  onset  of 
film  boiling  but  have  an  adverse  effect  on  the  heat 
transfer  coefficient.  Low  values  of  surface 
saturation  provide  the  most  efficient  heat 
transfer. 

Current  research  efforts  focus  on  spray 
control  so  that  the  droplet  size,  velocity  and 
volume  flux  can -be  controlled  independently.  It  is 
important  to  have  a  uniform  spray  so  that  the 
deficiency  of  droplets  at  the  center  of  the  spray 
can  be  avoided. 
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INTRODUCTION 

An  experimental-theoretical  study  has  been  undertaken  to  investigate  the  vaporization 
and  dispersion  behavior  of  droplets  in  hot  turbulent  flows.  In  this  paper,  the  development 
of  the  experimental  facility  and  of  a  computer  code,  and  some  preliminary  results  on  the 
vaporization  of  n-hexane  droplets  in  heated  laminar  flow  are  described. 

Literature  on  the  behavior  of  an  evaporating/burning  droplet  is  extensive.  Starting 
with  the  basic  d^-law  model  [I],  several  improved  vaporization  models  have  been  developed 
[2,  3].  Numerous  experimental  studies  [2]  have  also  been  reported..  However,  relatively 
little  information  is  available  on  the  behavior  of  evaporating  droplets  in  low  temperature 
environment.  Under  such  conditions,  the  possibility  of  an  envelope  flame  is  precluded  and 
the  droplet  gasification  rate  is  low.  The  droplet  heat-up  may  not  be  small  as  compared  to 
its  lifetime,  although  the  latter  is  relatively  large  under  low-temperature  conditions,  and  the 
liquid-phase  transient  processes  may  still  be  important.  The  study  is  also  relevant  to  the 
understanding  and  modeling  of  the  processes  in  nondilute  sprays,  where  the  gas  temperature 
and  vaporization  rate  are  relatively  low. 

In  the  following,  a  brief  discussion  of  the  experimental  set-up  and  theoretical  models, 
and  some  preliminary  comparison  of  experimental  and  theoretical  results  are  given. 

EXPERIMENTAL  FACILITY 

The  test  configuration  was  designed  for  injecting  fuel  droplets  in  a  well  controlled, 
laminar,  heated  flow  field  with  only  axial  gradients  of  temperature  and  velocity.  It 
consisted  of  inlet  flow  conditioning  equipment,  a  droplet  on  demand  injector  system,  a 
confined  test  section.  The  instrumentation  used  included  a  Phase  Doppler  Particle  Analyzer, 
a  hot  wire  anemometer,  a  micro-thermocouple,  and  a  laser  sheet  lighting  system. 

Air  was  filtered,  dried  to  a  dew  point  of  220  K,  and  metered  into  a  25.4  cm  diameter 
plenum  chamber.  This  chamber  contains,  in  series,  a  scintered  metal  diffusing  element,  a 
fine  mesh  screen,  two  resistance  heating  elements,  a  second  fine  mesh  screen,  and  a  flow 
straightening  honey  comb.  At  the  end  of  this  section  the  flow  had  been  evenly  distributed, 
heated  to  400  K,  and  decelerated  to  a  velocity  of  0.16  m/s.  This  air  then  enters  a  circular- 
to-square  transition  section  leading  to  the  test  section.  In  this  transition  the  flow  is 
accelerated  to  a  mean  velocity  of  1  m/s.  The  velocity  and  velocity  rms  profiles  at  the  test 
section  inlet  are  illustrated  in  Figure  1.  Note  the  very  low  values  of  the  rms,  indicating 
turbulence  intensities  of  less  than  3%.  These  measurements  were  made  with  a  hot  wire 
anemometer  and  confirmed  with  the  PDPA.  Figure  2  indicates  the  inlet  air  temperature 
profile  (orthogonal  to  each  other  and  both  are  through  the  center  of  the  test  section). 

#The  University  of  Illinois  at  Chicago 


149 


2 


These  measurements  were  taken  with  microthermocouple  (Chromel-Alumel,  0.13  mm  diameter 
lead  joined  to  form  a  measurement  bead  approximately  0.2Smm  in  diameter)  positioned  in  the 
test  section  by  a  long  sting  inserted  from  the  exit  plane  of  the  section. 

The  test  section  is  8.9  x  8.9  cm  and  45.0  cm  long,  constructed  of  four  pyrex  panels. 
The  flow  is  driven  vertically  upward.  Figures  1  and  2  indicate  that  conditions  in  the  test 
section  were  uniform  out  to  a  radial  position  of  approximately  l.S  cm.  In  the  center  of  this 
section  droplets  are  injected.  Figure  3  is  an  illustration  of  the  transition  section  and  the 
test  section,  along  with  a  photo  of  a  stream  of  droplets  illuminated  with  a  sheet  of  laser 
light.  Optical  measurements  of  droplet  diameter  and  local  velocity  are  made  along  the  flow 
axis  by  the  PDPA.  For  this  experiment  the  test  chamber  assembly  is  positioned,  relative  to 
fixed  measurement  volumes,  by  a  x-y-z  precision  traversing  table. 

The  Phase  Doppler  Particle  Analyser  is  an  interferometric  droplet  sizing  device.  It 
sizes  single  droplets  by  measuring  the  radius  of  curvature  of  the  droplet.  There  are  several 
publications  [4,  5,  6,  7]  describing  its  features  and  the  accuracy  with  which  it  determines 
droplet  size.  For  this  effort  a  single  component  system  was  used.  Some  velocity  limitations 
were  discovered  during  this  effort  and  are  reported  in  a  companion  paper  at  this  conference 
18]. 

Theoretical  Model 

The  theoretical  model  involves  the  calculation  of  the  velocity,  size,  and  surface 
properties  of  a  droplet  in  a  laminar  hot  air  flow.  The  time-dependent  Lagrangiun  equations 
for  the  droplet  position,  velocity,  and  size  are  numerically  solved.  The  local  experimental 
values  of  gas  velocity  and  temperature  are  employed  in  the  computations.  For  calculating 
the  droplet  surface  properties,  three  liquid-phase  models,  namely  the  diffusion-limit,  infinite- 
diffusion,  and  vortex,  are  used.  The  thin-skin  model  is  also  employed  for  some  of  the 
calculations  involving  a  single-component  fuel  droplet.  Basically,  the  models  differ  in  the 
way  of  representing  the  transient  liquid-phase  processes.  For  example,  the  thin  skin  model 
ignores  the  liquid-phase  transport  completely;  the  droplet  surface  is  assumed  to  be  at  a  wet- 
bulb  temperature  which  is  determined  by  the  local  conditions. 

In  the  diffusion-limit  model,  the  transient  heat  and  mass  transport  in  the  droplet  are 
assumed  to  be  represented  by  the  unsteady  heat  and  mass  diffusion  equations.  The  effect  of 
liquid  circulation,  which  is  neglected  in  this  model,  is  considered  in  the  infinite-diffusion 
and  vortex  models.  The  former  assumes  that  the  effect  of  liquid  motion  is  to  make  the 
liquid  temperature  and  mass  fractions  spatially  uniform,  though  they  vary  temporally.  A 
more  realistic  representation  of  the  liquid  motion  is  provided  in  the  vortex  model,  where  the 
liquid  properties  are  assumed  to  be  uniform  along  the  liquid  streamlines  but  not  across  them. 
Further  details  of  these  models  can  be  found  in  earlier  publications  [2,  9). 

Eitliminm  fitmili 

Some  results  from  the  experimental-numerical  effort  are  given  in  Fig.  4.  The 
vaporization  behavior  of  a  n-hexane  droplet  is  shown  in  terms  of  the  variation  of  its  size 
and  velocity  along  the  trajectory.  The  numerical  results  are  obtained  for  the  thin-skin, 
infinite-diffusion,  and  diffusion-limit  models.  The  experimental  values  of  air  temperature 
and  velocity  along  the  droplet  trajectory  are  employed  in  the  computations.  Figure  4(a) 
shows  the  variation  of  the  square  of  the  non-dimensional  diameter  along  the  trajectory. 
The  predictions  of  thin-skin  model  and  diffusion-limit  model  show,  respectively,  the  best  and 
the  worst  agreement  with  experimental  values. 


150 


3 


The  results  are  somewhat  surprising  but  interesting.  Note  that  for  these  results  the 
initial  droplet  temperature  was  higher  than  the  wet-bulb  temperature.  It  appears  that  the 
diffusion-limit  model  does  not  work  in  such  cases.  More  detailed  comparison  of 
experimental  and  numerical  results  is  required,  however,  before  any  final  conclusions  can  be 
drawn.  The  comparison  of  the  predicted  droplet  velocity  with  experiment  is  shown  in  Fig. 
4(b).  Note  that  the  droplet  velocity  is  much  higher  than  the  gas  velocity  at  the  injection 
point.  As  a  result,  the  droplet  velocity  relaxes  to  the  gas-velocity  value.  The  relaxation  is 
much  faster  for  the  infinite-diffusion  and  diffusion  models,  since  they  predict  a  much  faster 
vaporization  rate  as  compared  to  the  experimental  results.  However,. the  faster  relaxation 
for  the  thin-skin  model  raises  some  questions  about  the  drag -coefficient  versus  the  Reynolds 
number  correlation  used  in  the  computation.  This  aspect  is  being  investigated  further. 

To  summarize,  the  capabilities  of  our  experimental  and  numerical  efforts  have  been 
outlined.  Some  preliminary  results  have  been  presented.  In  future,  we  plan  to  investigate 
the  vaporization  behavior  of  less  volatile  facts,  pure  and  bicomponent,  in  laminar  as  well  as 
in  well-defined  turbulent  heated  flows. 
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FIGURE  1.  Inlet  Air  Velocity  and  Velocity  RMS  Profiles 
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FIGURE  2.  Inlet  Air  Temperature  Profiles 
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rig.  4:  Comparison  of  experimental  and  numerical  results  in 

terms  of  the  variation  of  non-dimensional  droplet  diameter 
iquared  and  droplet  velocity  along  its  trajectory. 
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ABSTRACT 

Measurements  have  been  made  of  the  droplet  size  and  velocity  distributions  in  a 
hollow  cone  spray  from  a  pressure  atomizer  using  a  phase/Doppler  particle  analyzer.  The 
maximum  entropy  principle  is  used  to  predict  these  distributions.  The  constraints 
imposed  in  this  model  involve  conservation  of  mass,  momentum  and  energy.  Estimates 
of  the  source  terms  associated  with  these  constraints  are  made  based  on  physical 
reasoning.  Agreement  between  the  measurements  and  the  predictions  is  very  good. 

1.  INTRODUCTION 

Sprays  play  an  important  role  in  many  engineering  applications;  for  example,  in 
combustion  of  liquid  fuels,  agricultural  applications,  painting,  direct  injection  condensers, 
cooling,  etc.  In  all  of  these  applications  droplet  size  and  velocity  distributions  are  important 
parameters  in  addition  to  the  spray  cone  angle  and  droplet  penetration.  Until  recently  the 
main  interest  of  researchers  has  been  on  the  droplet  size  distribution.  This  was  primarily 
due  to  the  fact  that  it  was  nearly  impossible  to  measure  droplet  velocity  distributions.  It  was 
often  assumed  that  the  droplets  leave  the  spray  with  a  uniform  velocity,  equal  to  the  sheet 
velocity  at  breakup  (for  pressure  atomizers).  However,  with  the  advent  of  the 
phase/Doppler  particle  analyzer  (PDPA),  it  is  possible  to  measure  both  the  local  droplet  size 
and  velocity  distributions.  The  PDPA  is  a  single  point,  scattering  technique,  making  a 
measurement  of  each  droplet  as  it  passes  through  a  small  probe  volume.  Results  are 
reported  at  an  isolated  point  (or  several  points)  in  the  spray.  For  example,  Bhatia  and  Durst 
(1989)  made  measurements  along  the  centerline  of  a  spray  at  various  axial  locations,  and 
compared  their  results  with  various  models.  In  this  paper,  we  will  report  measurements 
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across  a  selected  plane  in  the  spray  and  compare  these  results  with  predictions  obtained 
using  the  maximum  entropy  principle. 

The  concept  of  information  entropy  was  developed  by  Claude  Shannon  (Shannon, 
1948),  and  Jaynes  (1957)  who  later  extended  this  concept  into  the  now  well-known 
method  of  maximum  entropy  formalism.  This  formalism  can  be  applied  to  problems  which 
involve  probability,  i.e.,  where  insufficient  information  is  available  to  obtain  exact 
solutions.  Tribus  (1961)  used  the  principle  of  this  formalism  in  thermodynamics  and 
showed  that  the  concepts  of  heat  and  temperature  in  thermodynamics  could  be  defined 
through  the  formalism  of  maximum  entropy.  We  were  originally  influenced  by  Haken's 
book  on  synergetics  (1978)  which  establishes  links  between  dynamical  systems  theory  and 
statistical  theory  with  information  theory  as  its  basis.  This  maximum  entropy  formalism 
allows  one  to  determine  the  probability  distribution  functions  for  complex  systems  in 
physics,  chemistry,  biology,  as  well  as  in  many  other  disciplines  by  measuring  relatively 
few  average  (macroscopic)  quantities.  In  the  present  paper,  we  will  confine  our  attention  to 
its  application  to  liquid  sprays  in  order  to  predict  the  droplet  size  and  velocity  distributions 
in  sprays.  Since  the  application  to  this  kind  of  problems  has  been  adequately  discussed  by 
several  researchers  -  Kelly  (1976),  Sellens  and  Brzustowski  (1985,  1986)  and  Li  and 
Tankin  (1987,  1988,  1989),  it  will  not  be  necessary  to  develop  the  background  materials 
once  again. 

The  primary  purpose  of  this  paper  is  to  compare  the  theoretical  predictions  based 
on  maximum  entropy  principle  of  Li  and  Tankin  (1987,  1988,  1989)  concerning  droplet 
size  and  velocity  distributions  with  experimental  results.  In  the  process  of  making  these 
comparisons,  estimates  will  be  made  of  the  source  terms  that  appear  in  the  equations.  To 
accurately  compare  theory  and  experiment  it  is  necessary  to  account  for  drag  effects  on  the 
droplet  velocity  distributions. 

2.  EXPERIMENT 

The  test  article  in  these  experiments  was  a  hollow  cone  spray  nozzle  manufactured 
by  Delavan  (WDA-2  with  a  60°  spray  angle).  The  spray  of  distilled  water  issues  into  a 
quiescent,  saturated  air  environment  at  295K.  The  flow  rate  is  2.39  x  10*6m3/s  (2.2 
gallons/hr)  at  a  pressure  drop  across  the  nozzle  of  1.3MPa  (190  psig).  The  water  exiting 
the  nozzle  forms  a  liquid  sheet,  hollow  cone  in  shape,  which  breaks  up  into  ligaments 
which  form  droplets.  It  is  desirable  to  measure  the  spray  as  close  as  possible  to  the  sheet 
break  up  region.  Measurements  beyond  this  will  be  influenced  by  local  gas  aerodynamics 
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and  complicate  the  comparison  with  prediction.  Photographs  of  the  spray  (Figure  1) 
indicate  that  sheet  break  up  occurs  at  approximately  7.5mm  from  the  nozzle  face.  At  10mm 
the  droplets  have  formed.  Based  on  the  photographs,  the  measurement  plane  was  set  at 
10mm  from  the  nozzle  discharge  plane,  2.5mm  past  the  sheet  break  up. 

Droplets  are  sized  with  an  Aerometrics,  Inc  two-color,  four-beam  PDPA.  This 
instrument  has  a  probe  volume  of  0.002mm3.  It  sizes  a  droplet  by  measuring  its  radius  of 
curvature.  The  instrument  is  configured  like  a  standard  laser  Doppler  anemometer,  each  of 
its  two  beam  pairs  yield  a  measurement  of  one  component  of  the  droplet  velocity.  At  each 
measurement  station  10,000  droplets  are  measured.  Collection  times  for  this  many  samples 
is  on  the  order  of  seconds.  Sample  sizes  as  large  as  20,000  were  acquired  before 
determining  that  10,000  samples  are  sufficient  to  yield  stable  mean  and  RMS  velocity 
statistics. 

Comparison  between  experiment  and  prediction  demands  that  the  measured  values 
of  droplet  size  and  velocity  near  sheet  break  up  be  representative  of  the  behavior  of  the 
entire  spray.  Several  constraints  inherent  in  the  PDPA  must  be  addressed.  First,  measured 
droplets  must  be  spherical.  This  requires  that  the  measurement  station  be  sufficiently  far 
from  the  sheet  break  up  region  so  that  droplets  are  not  oscillating.  Second,  the  PDPA  has  a 
dead  time  of  16  microseconds  associated  with  each  measured  droplet.  Another  droplet 
entering  the  probe  volume  during  this  dead  time  will  not  be  measured  and  may  prevent  the 
measurement  of  the  first  droplet.  Thus,  in  dense  spray  regions,  typical  of  the  sheet  break 
up  area,  all  droplets  may  not  be  counted.  If  the  rejection  is  completely  random  (not  based 
on  a  particular  droplet  size  or  velocity  class)  the  measurements  are  still  suitable  for  this 
purpose.  Third,  the  cross  sectional  area  of  the  optical  probe  volume  is  small  compared  to 
the  cross  sectional  area  around  the  sheet  break  up.  Data  collected  by  the  PDPA  must  be 
extrapolated  to  the  entire  spray  area  at  the  measurement  plane  located  10mm  from  the 
nozzle. 

The  first  two  considerations  influence  the  percentage  of  valid  signals  verses  the  total 
attempts.  That  is,  the  PDPA  attempts  to  process  all  Doppler  signals.  It  performs  checks  on 
the  quality  of  each  signal  and  rejects  those  which  exceed  certain  limits.  In  these  experiments 
valid  signals  range  from  25  to  70%  of  the  signals  collected.  Thus,  to  collect  10,000  valid 
signals  at  a  challenging  location  in  the  spray  it  was  necessary  to  make  as  many  as  40,000 
attempts.  The  third  consideration  is  one  of  spray  symmetry  and  of  specifying  the  probe 
volume  cross  section.  For  the  symmetry  evaluation  two  orthogonal,  full  diameter  traverses 
were  made.  The  axis  of  the  spray  was  horizontal  for  all  measurements.  A  horizontal 
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traverse  through  the  spray  yielded  measurements  of  droplet  size  and  its  axial  and  azimuthal 
velocities;  a  vertical  traverse  yielded  measurements  of  droplet  size  and  its  axial  and  radial 
velocities.  Measurements  were  made  at  0.5mm  intervals  .Figure  2  depicts  the  axial  and 
radial  velocity  along  with  their  root  mean  square  (rms)  values,  and  the  Sauter  mean 
diameter  (SMD)  measurements  from  the  vertical  traverse.  The  axial  and  azimuthal  velocity 
along  with  their  root  mean  square  values  (rms)  and  Sauter  mean  diameter  (SMD)  profiles 
from  the  horizontal  traverse  are  illustrated  in  Figure  3.  The  two  axial  velocity  profiles  and 
the  two  SMD  profiles  are  replotted  in  Figure  4  for  comparison.  The  velocity  and  droplet 
size  profiles  along  two  orthogonal  traverses  through  the  spray  are  nearly  identical, 
indicating  the  spray  has  good  symmetry  about  its  axis.  Thus,  size  and  velocity 
distributions,  obtained  from  the  point  measurements,  can  be  integrated  over  the  ring  area 
associated  with  each  measurement  point  (see  Figure  5)  to  yield  a  total  spray  measurement. 

After  initial  spray  symmetry  checks,  data  were  collected  to  evaluate  the  predictions. 
One  detailed  radial  profile  was  taken  at  the  10mm  location  where  measurements  were  made 
at  22  radial  points  from  the  spray  center  to  its  edge.  Ten  thousand  valid  samples  were  taken 
at  each  location.  A  joint  size-axial  velocity  distribution  function  is  constructed  from  the 
individual  point  measurements,  weighing  each  measurement  by  their  time  of  collection  and 
the  ratio  of  their  optical  probe  area  to  the  ring  area  represented  at  that  location.  This 
experimentally  determined  joint  distribution  function  can  be  compared  to  that  predicted  by 
the  maximum  entropy  analysis.  Droplet  size  is  normalized  by  the  mass  mean  diameter, 
D30.  determined  from  measurements  to  be  25.3  microns.  Droplet  velocity  is  normalized  by 
the  computed  axial  velocity  of  the  sheet  at  the  nozzle  exit,  U0.  This  value  is  determined 
from  the  measured  flow  rate  of  the  nozzle  and  the  size  of  the  air  core  at  the  nozzle  exit 
plane.  This  latter  value  is  determined  from  the  spray  cone  angle,  photographically 
determined  to  be  58°,  and  the  discharge  coefficient  of  the  atomizer  (E.  Giffen  and  A. 
Muraszew,  1953).  The  computed  axial  velocity  of  the  sheet  is  30m/sec;  its  tangential 
velocity  is  23.5  m/sec.  As  an  aside,  using  this  tangential  velocity  at  the  nozzle  exit  and 
assuming  a  free  vortex  flow  one  can  compute  the  tangential  velocity  as  a  function  of  radius. 
Comparison  between  this  result  and  measurements  is  shown  in  Figure  6.  It  is  noted  that  the 
measured  values  have  been  shifted  0.5mm  horizontally  due  to  error  in  exactly  locating  the 
nozzle  center.  There  is  also  a  slight  shift  vertically  to  yield  a  symmetric  profile  to  compare 
with  the  calculated  curve. 
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THEORY 


Since  all  the  detailed  formulation  and  derivation  have  been  published  (Li  and  Tankin, 
1988),  we  will  not  reiterate  them  but  just  give  the  final  pertinent  equations.  The  constraints 
imposed  on  liquid  atomization  processes  are  conservation  of  mass,  momentum  and  total  energy 
-  the  sum  of  kinetic  energy  and  surface  energy.  In  addition  there  is  the  requirement  that  the  sum 
of  the  joint  probabilities  be  unity.  Thus, 


Mass: 

/  J  f  t^dOd^  1  +§m 

0) 

Momentum: 

j  J  f  D3  0  dO  dD  =  1  +  3mv 

(2) 

Energy: 

j  J  f  (  D3  02+  BD2  )  dO  dD  =  1  +  3e 

(3) 

Normalization: 

J  Jf  dU  dD  =  1 

(4) 

where  Sm,  Smv  and  Se  are  the  nondimensional  mass,  momentum  and  energy  source  terms;  f  is 
the  joint  droplet  size  and  velocity  distribution  function,  which  maximizes  the  Shannon's 
entropy  subject  to  the  above  constraints  (1)  -  (4).  Thus,  f  can  be  derived  to  have  the  following 
form : 

f  =  3D2  exp{  -  a0  -  aiCJ3  -  a2  D3  0  -  a3(  D302  +  BD2)}  (5) 


where 


D  = 


D30 


is  the  dimensionless  droplet  diameter, 

is  the  dimensionless  droplet  velocity,  and 
B“We 
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We  = 


fiUo 


2  D30 

<r 


(5a) 


We  is  the  Weber  number  representing,  within  a  constant  factor,  the  ratio  of  the  total  droplet 
energy  available  (i.e.,  the  iquid  kinetic  energy  at  nozzle  exit  to  the  droplet  surface  energy),  pi 
is  the  liquid  density,  and  o  is  the  surface  tension.  Eq.(5)  shows  that  for  any  particular  droplet 
size,  the  velocity  distribution  is  Gaussian-like.  However,  the  droplet  velocity  in  a  spray  (at  the 
breakup  region)  can  not  be  negative;  thus,  the  resulting  velocity  distribution  is  a  truncated 
Gaussian  distribution.  The  mean  and  variance  of  the  droplet  velocity  distribution  depend  on  the 
droplet  size.  Eq.(5)  can  be  integrated  over  velocity  space  from  minimum  to  maximum  velocity 
to  yield  the  number-based  droplet  size  distribution 


_  1 

dN/dD  =  |  (®j)2{erf(xmax)  -  erf(xmin))  exp{  -  ao  -  a3BD2  -  (ai  -  ^~)D3 } 

(6) 

where 

xmax  =  (Umax  +  2^j)(a3D  ) 

*min  =  (Umin  +  2^Xa3D  )  ^ 

and  erf(x)  represents  the  error  function  and  N  is  the  normalized  droplet  numbers.  Eq.(6)  shows 

that  the  number  distribution  vanishes  as  the  droplet  diameter  D  equals  zero  -  just  as  the 
experimental  evidence  and  physical  reasoning  require. 

It  is  necessary  to  estimate  the  following  quantities:  Sm>  Smv,  Se.  Values  of  Uo  and 
D30  are  determined  from  the  experiment.  It  is  important  to  restate  that  the  control  volume 
(shown  schematically  in  Figure  7)  extends  from  the  nozzle  exit  to  the  breakup  region.  This  is 
an  important  point  because  this  control  volume  differs  from  that  of  Sellens  and  Brzustowski's 
(1985,1986)  which  extends  from  the  tip  of  the  sheet  breakup  region  to  the  droplet  region. 

The  spray  is  isothermal  and  issues  into  a  saturated  air  environment.  Therefore,  the  mass 
source  term,  Sm,  is  assumed  to  be  zero.  The  momentum  source  term,  Smv,  is  estimated  as 
follows.  The  spray  discharges  into  a  quiescent  air  environment,  creating  a  drag  on  the  spray 
sheet.  To  estimate  this  drag,  the  hollow  cone  liquid  sheet  is  unfolded  into  a  triangular  shape 
(Figure  7)  having  an  altitude  of  7.5mm  and  a  base  equal  to  26  mm  (which  is  2nr).  Using 
laminar  boundary  layer  flow  (Reynolds  number  based  on  7.5mm  is  well  below  the  critical 
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Reynolds  number  of  5xl05)  past  a  flat  plate  yields  Cf=0.02  on  one  surface  (outside)  of  the 
triangular  sheet.  Since  the  air  flow  inside  the  hollow  cone  consists  of  vortical  structures  (see 
Lee,  S.Y.  and  Tankin,  R.S.  1984,  Figure  3),  the  drag  of  this  air  flow  on  the  liquid  sheet  is 
neglected.  Using  the  computed  value  for  Cf,  yields  a  value  for  SmV  of  -  0.017.  The  energy 
source  term,Se>  consists  of  kinetic  and  surface  energy  components.  The  surface  energy  is  a 
function  of  the  surface  area,  which  increases  between  the  nozzle  exit  and  the  drop  formation 
zone  located  just  beyond  the  tip  of  the  sheet  breakup.  On  the  other  hand,  the  kinetic  energy 
component  of  Sc  decreases  between  nozzle  exit  and  breakup.  Thus,  Se  is  estimated  to  be  zero. 
Admittedly,  the  estimates  for  S"mv  and  Se  are  very  crude  but  they’re  accuracy  is  not  a  critical 
aspect  of  this  paper;  they  serve  as  a  reasonable  first  estimate.  Knowing  D30  and  U0  from  the 
experiments,  the  Weber  number  (Equation  5a)  is  determined  to  be  3 1 1 .  It  should  be  noted  that 
the  Weber  number  is  not  the  usual  one  associated  with  sprays.  It  is  based  on  the  fluid  (water) 
density  not  the  gas  (air)  density.  When  comparisons  are  made  between  experiments  and 
theory,  it  may  be  necessary  to  adjust  the  values  of  Smv  and  Se;  the  only  two  adjustable 
constants  in  the  theory. 

COMPARISONS  BETWEEN  THEORY  AND  EXPERIMENTS 

The  predicted  and  measured  joint  size-velocity  probability  distributions  are  illustrated  in 
the  three  dimensional  plots  of  Figure  9.  The  predicted  results  are  shown  in  Figure  9a  and  the 
experimental  results  in  Figure  9b.  The  corresponding  iso-probability  contours  are  presented  in 
Figure  10a  and  10b.  Clearly  the  predicted  joint  probability  distribution  is  symmetric  about 
U/Uq^I  in  contrast  to  the  experimentally  determined  distribution.  By  summing  the  values  of 
the  probability  function,  f,  over  all  velocities  for  each  drop  size,  the  size  distribution  function 
of  the  spray  is  generated.  Figure  11  shows  the  predicted  and  measured  values.  Agreement 
between  prediction  and  experiment  is  very  good.  The  predicted  and  measured  droplet  size- 
velocity  correlations  for  the  spray,  Figure  12,  are  not  in  agreement,  however.  The  discrepancy 
lies  in  the  separation  between  the  sheet  break  up  location  (7.5mm)  where  the  predictions  are 
valid  and  the  measurement  location  (10mm).  Over  this  2.5mm  separation  it  is  necessary  to 
account  for  the  drag  of  the  quiescent  ambient  air  on  the  droplets.  The  drag  correlations  listed  in 
Table  I  were  used. 
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_ Range 

Re<0.01 - 

nni  <r  Ra  <r  ?.n 

20  <  Re  <  260 


Correlation 


Ch  =  3/16  +  24/Re 


Cd  =  24/Re 


1  + 


0.1315Rc(a^7!j  0b  los  kcl]  I 


Cd  =  24/Re  U+  0.1935  Re™!* 


Table  I.  Drag  Coefficient  on  Liquid  Drops  as  a  Function  of  Reynolds 
Number 


The  2.5mm  region  between  the  sheet  breakup  region  and  the  measuring  plane  is  divided 
into  100  equal  intervals  -  0.025mm.  The  correlations  given  in  Table  I  are  used  to  compute 
the  new  velocity  distributions  -  using  particle  mechanics.  It  is  assumed  the  droplets  leave 
the  sheet  region  with  the  joint  PDF  predicted  in  Figure  9a  and  move  into  quiescent  air. 
After  accounting  for  the  drag  on  the  droplets,  the  resultant  three  dimensional  joint 
probability  plot  and  its  associated  iso-probability  contours  seen  in  Figure  13  are  similar  to 
the  measured  values  of  Figures  9b  and  10b.  The  predicted  size  distribution  function  shown 
in  Figure  1 1  doesn't  change  due  to  drag  effects.  However,  the  mean  velocity  changes 
significantly  as  a  function  of  droplet  diameter.  This  is  seen  in  Figure  14  where  predicted 
values  are  compared  with  measured  values.  The  agreement  is  reasonably  good.  Also 
shown  is  the  effect  that  the  distance  between  the  breakup  plane  and  the  measuring  plane  has 
on  the  mean  velocity  values.  A  difference  in  only  1  mm  has  a  meaningful  effect.  Referring 
to  Figure  1,  it  is  difficult  to  be  more  precise  than  about  1mm  in  determining  the  position  of 
the  breakup  region.  At  different  diameters,  one  can  plot  the  probability  distribution  function 
for  velocity  and  compare  the  results  between  theory  and  experiment.  This  was  done  in 
Figure  15  for  D/D3o=0.5,1.0,1.5,  and  2.0.  Again  the  agreement  is  reasonable. 


DISCUSSION 

The  computed  joint  probability  distribution  function  is  dependent  on  the  following: 
We,  Sm,  Smv,  and  Se.  There  is  little  doubt  that  one  can  better  match  the  theory  with  the 
experiments  if  one  selects  values  for  these  non  dimensional  quantities  without  physically 
justifying  their  magnitude.  Figure  16  int  -ates  the  sensitivity  of  dN/dD  on  Weber  number. 
With  a  decrease  in  Weber  number,  the  peak  of  this  curve  increases  and  moves  to  smaller 
D/D30  values  -  thus  agreement  with  experimental  data  improves  if  one  assumes 
We=250.On  the  other  hand,  one  can  decrease  the  peak  of  the  computed  dN/dD  by 
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increasing  the  energy  source  term  (Se)  or  decreasing  the  momentum  source  term  (Smv); 
these  are  shown  in  Figures  17  and  18  respectively. 

However  our  goal  was  to  estimate,  however  crudely,  the  magnitude  of  these  source 
terms  (and  We)  based  on  the  physical  aspects  of  the  problem  under  consideration.  Then  to 
compare  the  theoretical  results  with  the  experiments  and  make  adjustments,  if  necessary,  in 
the  source  terms.  The  predicted  results  agree  reasonably  well  with  the  experiments  using 
the  estimated  source  terms. 

There  is  however,  an  inconsistency  in  this  study.  There  is  a  variation  between  the 
measured  volumeric  (or  mass)  flow  rates  -  that  obtained  from  a  calibration  of  the  pressure 
drop  at  the  nozzle,  and  that  obtained  by  using  Equation  1 .  These  different  methods  of 
determining  the  flow  rates  are  concerned  with  the  measured  quantities;  not  the  predicted 
quantities.  Using  Equation  1  to  compute  the  flow  rate  yields  a  value  that  is  a  order  of 
magnitude  less  than  the  calibrated  value.  There  are  different  sources  for  this  error,  such  as, 
(1)  The  size  of  the  probe  area.  The  Aerometrics'  software  computes  the  probe  area  of  the 
green  beam;  however  we  are  using  a  two  beam  system  (blue  and  green  wavelengths).  A 
measurement  is  only  recorded  when  a  droplet  passes  through  both  beams.  Since  the  blue 
beam  has  a  smaller  probe  area  than  the  green  beam,  one  would  expect  the  measured  flow 
rate  using  the  Phase/Doppler  to  be  low.  This  error  in  the  measured  flow  rates  due  to  the 
probe  area  does  not  effect  the  measured  droplet  size  and  velocity  distributions.  (2) 
Selecting  the  proper  run  time  to  collect  the  10,000  drops  at  each  station.  The  following 
quantities  are  recorded:  attempts,  validations,  corrected  count,  and  run  time.  The  rejection 
rate  at  several  radial  stations  was  high  -  as  great  as  44,000  attempts  and  10,000  validations. 
If  we  had  used,  for  example,  the  attempts  instead  of  the  validations  to  compute  a  corrected 
run  time,  the  discrepancy  between  the  measured  flow  rates  is  reduced.  Sensor  (1990)  also 
had  large  discrepancy  between  similarly  measured  flow  rates  -  particularly  near  the  breakup 
region  -  in  the  dense  portion  of  the  spray. 

In  the  formulation  presented  in  this  paper,  one  starts  at  one  local  equilibrium  state 
(the  nozzle  exit)  and  ends  at  another  local  equilibrium  state  (where  the  droplets  are  formed) 
using  the  maximum  entropy  principle.  From  a  statistical  point  of  view,  we  are  interested  in 
determining  the  second  local  equilibrium  states  (PDF)  for  a  given  initial  state.  The  details  of 
how  one  goes  from  one  local  equilibrium  state  to  another  is  not  important,  except  in  a  gross 
manner  -  through  physically  motivated  source  terms  (mass,  momentum,  and  energy).  One 
need  not  be  involved  in  the  details  of  the  sheet  instability,  the  breakup  process,  the 
formation  of  ligaments,  and  their  final  breakup  into  droplets.  In  fact,  these  are  just  a  way  or 
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means  of  converting  part  of  kinetic  energy  (at  the  nozzle  exit)  into  surface  energy  (when 
droplets  are  formed).  The  detailed  physical  processes  of  the  transition  plays  no  role  in  the 
maximum  entropy  approach.  How  one  proceeds  from  one  local  equilibrium  state  to  another 
is  linked  through  the  physical  conservation  laws  -  conservation  of  mass,  momentum  and 
energy. 

CONCLUSIONS 

Experiments  were  performed  on  a  pressure  atomizing  nozzle  which  operated  at  its 
normal  operating  conditions.  The  drop  sizes  and  velocities  were  measured.  Predicted 
values  for  velocity  and  size  distributions  were  obtained  using  maximum  entropy  principle. 
The  size  distribution  agrees  reasonably  well  with  the  measured  values,  but  the  velocity 
predictions  did  not.  By  accounting  for  the  drag  on  the  droplets  between  the  breakup  region 
(where  predictions  were  made)  and  the  measuring  plane  yield  results  that  agreed  with 
experiments.  It  should  be  noted  that  the  droplet  size  for  the  measured  and  predicted 
distribution  deviates  significantly  from  a  Gaussian  distribution.  Physically  justified  source 
terms  were  used  in  the  predictions.  Using  the  maximum  entropy  principle  to  obtain  the  joint 
PDF  as  formulated  in  this  paper  can  serve  as  the  initial  input  to  a  computer  program  that 
computes  the  droplet  trajectories  in  a  complicated  air  flow  situation. 
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FIGURES 


CAPTIONS 


1  2 


Figure  1.  Photographs  of  the  spray  taken  at  designated  axial  distances  from  the  nozzle 
exit. 

Figure  2a.  Plot  of  the  axial  mean  velocity  and  RMS  values  as  a  function  of  radial  position 
obtained  from  a  vertical  traverse. 

Figure  2b.  Plot  of  the  mean  radial  velocity  and  RMS  values  as  a  function  of  radial 
position  obtained  from  a  vertical  traverse. 

Figure  2c.  Plot  of  the  Sauter  mean  diameter  as  a  function  of  radial  position  obtained  from 
a  vertical  traverse. 

Figure  3a  Plot  of  the  axial  mean  velocity  and  RMS  values  as  a  function  of  radial  position 
obtained  from  a  horizontal  traverse. 

Figure  3b.Plot  of  the  mean  tangential  velocity  and  RMS  values  as  a  function  of  radial 
position  obtained  from  a  horizontal  traverse. 

Figure  3c.  Plot  of  the  Sauter  mean  diameter  as  a  function  of  radial  position  obtained  from 
a  horizontal  traverse. 

Figure  4a.  Comparison  between  the  axial  velocity  components  obtained  from  horizontal 
and  vertical  traverses. 

Figure  4b.  Plot  comparing  the  Sauter  mean  diameters  obtained  by  vertical  and  horizontal 
traverses. 

Figure  5.  Schematic  drawing  indicating  the  locations  where  the  measurements  were  made 
in  a  plane  10mm  from  the  nozzle  exit. 

Figure  6.  Plot  comparing  the  measured  and  computed  (free  vortex)  tangential  velocities. 

Figure  7.  Schematic  drawing  showing  the  control  volume  used  in  the  predicted  model. 

Figure  8.  Drawing  showing  the  model  used  to  estimate  the  momentum  source,  Smv- 

Figure  9a.  Three  dimensional  plot  of  the  predicted  joint  probability  distribution  function. 

Figure  9b.  Three  dimensional  plot  of  the  experimentally  determined  joint  probability 
distribution  function. 

Figure  10a.  Iso-contour  plot  of  the  predicted  joint  probability  distribution  function. 

Figure  10b.  Iso-contour  plot  of  the  experimentally  determined  joint  probability 
distribution  function. 
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Figure  11.  Plot  of  experimental  and  predicted  droplet  size  distribution. 

Figure  12.  Plot  of  experimental  and  predicted  mean  velocity  as  a  function  of  droplet 
diameter. 

Figure  13a.  Three  dimensional  plot  of  the  predicted  joint  probability  distribution  function 
accounting  for  drag  on  the  droplets. 

Figure  13b.  Iso-contour  plot  of  the  predicted  joint  probability  distribution  function 
accounting  for  drag  on  the  droplets. 

Figure  14.  Plot  of  the  experimental  and  predicted  mean  velocity  as  a  function  of  droplet 
diameter.  The  predicted  values  are  shown  where  the  distance  between  the  breakup 
region  and  the  measuring  plane  is  1.3mm  and  2.5mm. 

Figure  13.  Plots  comparing  the  experimental  and  predicted  velocity  distributions  at 
selected  droplet  diameters. 

Figure  l§.  Plots  indicatingjhe  sensitivity  of  the  Weber  number  on  dN/dD,  where 
Smv=-  0.017,  and  Se=  0. 

Figure  17.  Plots  indicating  the  sensitivity  of  Se  on  dN/dD,  where  Sm=0,  We=31 1,  and 
Smv=-0.017. 

Figure  18.  Plots  indicating  the  sensitivity  of  Smv  on  dN/dD,  where  Sm=0,  We=3l  1,  and 
Se=0. 
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Mean  Axial  Velocity  and  RMS  Values  (m/s) 


Mean  Axial  Velocity  and  RMS  Values  Obtained  from  Vertical  Traverse 


Figure  2a.  Plot  of  the  axial  mean  velocity  and  RMS  values  as  a  function  of  radial  position 
obtained  from  a  vertical  traverse. 


Mean  Radial  Velocity  and  RMS  Values  (m/s) 


Mean  Radial  Velocity  and  RMS  Values  -Vertical  Traverse 


Figure  2b.  Plot  of  the  mean  radial  velocity  and  RMS  values  as  a  function  of  radial 
position  obtained  from  a  vertical  traverse. 
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Mean  Axial  Velocity  and  RMS  Values  (m/s) 


Mean  Axial  Velocity  and  RMS  Values  Obtained  from  Horizontal  Traverse 


Figure  3a.  Plot  of  the  axial  mean  velocity  and  RMS  values  as  a  function  of  radial  position 
obtained  from  a  horizontal  traverse. 
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Mean  Tang.  Velocity  and  RMS  Values  (m/s) 


Mean  Tangential  Velocity  and  RMS  Values 


Figure  3b.Plot  of  the  mean  tangential  velocity  and  RMS  values  as  a  function  of  radial 
position  obtained  from  a  horizontal  traverse. 
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Sauter  Mean  Diameter  (microns) 


Figure  3c.  Plot  of  the  Sauter  mean  diameter  as  a  function  of  radial  position  obtained  from 
a  horizontal  traverse. 
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Figure  4a.  Comparison  between  the  axial  velocity  components  obtained  from  horizontal 
and  vertical  traverses. 
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Figure  4b.  Plot  comparing  the  Sauter  mean  diameters  obtained  by  vertical  and  horizontal 
traverses.  . ,, 


Figure  5.  Schematic  drawing  indicating  the  locations  where  the  measurements  were  made 
m  a  plane  10mm  from  the  nozzle  exit. 
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Figure  6.  Plot  comparing  the  measured  and  computed  (free  vortex)  tangential  velocities. 
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Figure  11.  Plot  of  experimental  and  predicted  droplet  size  distribution. 
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Figure  12.  Plot  of  experimental  and  predicted  mean  velocity  as  a  function  of  droplet 
diameter. 
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Figure  14.  Plot  of  the  experimental  and  predicted  mean  velocity  as  a  function  of  droplet 
diameter.  The  predicted  values  are  shown  where  the  distance  between  the  breakup 
region  and  the  measuring  plane  is  1  -5 mm  and  2.5mm. 
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Figure  15.  Plots  comparing  the  experimental  and  predicted  velocity  distributions  at 
selected  droplet  diameters. 


Figure  16.  Plots  indicating  the  sensitivity  of  the  Weber  number  on  dN/dD,  where  Sm=0, 
Smv=-  0.017,  and  Se=  0. 


dN/dO 


Se  *  -0.010 
—  Se  =  -0.006 


We  ~  311 
Sm  =  0.0 
Smv  =  -0.017 


.  Se  =  0.000 
Se  =  0.004 


Se  =  0.008 


•  experimental  data 


Se  =  0.010 


Figure  17.  Plots  indicating  the  sensitivity  of  Se  on  dN/dO,  where  Sm-0,  We-31 1,  and 
3mv=-0.017. 
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Figure  18.  Plots  indicating  the  sensitivity  of  Smv  on  dN/d5,  where  3m=0,  We=31 1,  and 
5e=0. 
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Considerable  time  and  resources  are  expended  annually  by  the  government  and  turbine 
engine  manufacturers  to  iteratively  design,  build,  and  test  new  combustors.  This  development 
process  can  be  streamlined  by  providing  the  designer  with  computer  models  that  help  him  to 
predict  the  behavior  of  proposed  combustors.  In  many  cases,  such  computer  models  give  a  good 
qualitative  idea  of  the  conditions  in  the  combustor,  but  quantitatively  most  codes  are  somewhat 
inaccurate.  In  order  for  these  codes  to  become  more  quantitatively  correct  and  useful  to  the 
designer,  accurate  experimental  data  must  be  provided  for  comparison  to  the  theoretical  results. 
Such  data  is  difficult  to  obtain  in  actual  turbine  engine  combustors,  therefore,  simplified 
combustors  and  combusting  flows  are  studied.  Laser  based  diagnostic  techniques  have  provided  a 
valuable  means  by  which  nonintrusive  in  situ  flow  and  thermal  field  information  can  be  obtained  in 
complex  combusting  flows. 

The  purpose  of  this  study  was  to  obtain  flow  and  thermal  field  measurements  in  the  near 
region  of  a  reacting  flow  located  in  a  combustion  tunnel  that  simulates  the  dome  region  of  a  jet 
engine  combustor  using  two  different  laser  diagnostic  techniques.  A  phase  Doppler  instrument 
was  used  to  obtain  droplet  velocity  and  size,  and  gas  phase  velocity  data.  A  coherent  anti-Stokes 
Raman  spectroscopy  (CARS)  instrument  was  used  to  obtain  gas  temperature  data.  The 
combustion  tunnel  has  a  25.4  cm  inner  diameter  with  a  14.0  cm  bluff  body  that  is  centered  within 
the  tunnel  (Figure  1).  The  nozzle  is  flush  with  the  face  of  the  bluff  body  and  is  centered  radially  in 
the  bluff  body  and  tunnel.  The  phase  Doppler  and  CARS  instruments  were  physically  integrated 
and  contained  on  a  4x6  ft  optical  table  which  can  be  accurately  positioned  about  the  tunnel  axis. 
The  optical  systems  are  confined  to  a  protective  box  which  straddles  the  combustion  tunnel  and 
provides  protection  against  dust  and  other  hazards  (Switzer  et  al.,  1989).  The  two  systems  are 
positioned  such  that  they  can  be  operated  one  after  the  other  with  only  minor  repositioning  of  the 
optical  table. 

Military  JP-4  fuel  issued  from  a  2  gallon  per  hour,  30°  half  angle,  pressure  atomizing 
Delevan  nozzle.  The  pressure  in  the  fuel  line  just  before  the  nozzle  was  195  psi.  The  annulus  air 
flow  rate  was  1 .0  kg/s  producing  a  calculated  average  velocity  of  24  m/s.  The  swirl  air  flow  rate 
was  0.016  kg/s  for  a  calculated  velocity  of  14  m/s.  Swirler  vanes  turned  the  swirl  air  45°  to  the 
flow  axis  of  the  burner  producing  a  clockwise  rotation  of  the  flow  as  it  moved  away  from  the  bluff 
body  towards  the  exhaust. 

The  two-component  phase  Doppler  was  aligned  perpendicular  to  the  flow  axis  of  the 
combustion  tunnel.  The  probe  volume  created  at  the  focus  of  the  laser  beams  was  then  moved 
horizontally  through  the  flame  to  obtain  axial  and  azimuthal  velocities.  Only  half  profiles  were 
obtained  for  the  set  of  data  described  in  this  abstract.  The  probe  volume  was  not  passed  vertically 
through  the  flame  because  of  physical  constraints  associated  with  the  test  facility.  The  majority  of 
the  velocities  and  sizes  obtained  with  the  phase  Doppler  are  average  values  based  on  2000  samples 
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at  each  point.  The  average  velocities  and  sizes  were  found  to  be  significantly  unchanged  after 
about  500  samples  and  the  probability  density  functions  were  fairly  stable  after  1500  samples. 
Sample  axial  and  azimuthal  velocity  profiles  at  the  10  mm  axial  position  are  shown  in  Figure  2. 
The  location  of  the  spray,  swirl  air,  and  annulus  air  can  be  identified  in  the  figure.  Once  the  spray 
had  been  detailed  to  its  most  extreme  radial  edge,  micron  sized  alumina  seed  was  introduced  into 
the  swirl  and  annulus  air  flows  and  data  was  again  collected.  Potential  difficulty  was  encountered 
with  the  wide  distribution  of  droplet  and  seed  particle  sizes  and  the  dynamic  range  of  35  for 
diameter  associated  with  the  phase  Doppler.  Sizing  capabilities  of  the  phase  Doppler  instrument 
provided  a  way  of  connecting  velocity  and  size  in  regions  where  both  droplets  and  seed  particles 
existed.  Figure  3  shows  the  average  axial  velocity  profiles  at  5,  10,  and  20  mm  downstream  of  the 
nozzle. 

Gas  temperature  measurements  were  obtained  by  fitting  experimental  nitrogen  CARS 
spectra  to  theoretical  spectra.  The  basic  shape  of  the  spectrum  is  altered  as  a  function  of  gas 
temperature.  Much  of  the  temperature  data  collected  near  or  in  the  spray  were  heavily  influenced 
by  background  and  non-resonant  interferences.  The  background  interference  results  from  a  plasma 
discharge  generated  by  laser  induced  breakdown  of  droplets.  The  non-resonant  interference  stems 
from  a  CARS  signal  generated  in  the  plasma  that  can  compete  with  the  desired  nitrogen  CARS 
signal.  A  correction  scheme  described  by  Dunn-Rankin  et  al.  (1988)  was  used  to  account  for  these 
unwanted  backgrounds  or  discard  spectra  which  were  too  disfigured  to  allow  a  reasonable 
temperature  fit. 

Sample  temperature  profiles  at  10  and  20  mm  axial  positions  for  the  flame  investigated  are 
shown  in  Figure  4.  Figure  5  shows  the  axial  velocity  at  10  mm  with  the  corresponding 
temperature  profile  superimposed.  The  temperature  profile  in  the  figure  indicates  combustion 
within  the  cone  of  the  spray  at  the  10  mm  axial  position.  The  temperature  is  then  reduced  in  the 
spray  itself  where  many  unbumed  droplets  exist.  The  temperature  then  increases  just  outside  the 
spray  cone  where  mixing  has  taken  place  but  then  decreases  dramatically  near  the  swirler.  The 
effect  of  the  bluff  body  is  then  seen  as  the  temperature  increases  due  to  recirculation  of  the 
combusting  fuel.  Finally,  the  temperature  drops  off  at  the  edge  of  the  bluff  body  where  the  cooler 
annulus  air  becomes  dominant.  At  each  position  1000  spectra  were  collected  at  a  rate  of  10  Hz  and 
a  pulse  length  of  about  10  ns.  At  locations  near  dense  portions  of  the  spray  a  large  percentage  of 
the  1000  spectra  were  discarded  because  of  excessive  breakdown  interferences.  In  those  regions 
the  number  of  spectra  required  to  produce  stable  average  temperatures  was  still  maintained. 
Average  temperature  profiles  for  5  to  200  mm  axial  position  will  be  used  to  help  produce  a 
temperature  contour  map  of  the  combusting  flow. 

These  preliminary  results  indicate  that  flow  and  thermal  field  information  can  be  obtained  in 
combusting  fuel  sprays.  Velocity  and  size  data  can  be  obtained  for  the  spray  and  the  surrounding 
gases  but  some  difficulty  is  encountered  when  the  size  range  exceeds  the  dynamic  range  of  the 
phase  Doppler  instrument.  Temperature  measurements  with  CARS  become  more  difficult  to  obtain 
near  the  spray  because  of  laser  induced  breakdown,  however,  this  difficulty  can  oe  somewhat 
overcome  by  using  a  correction  scheme  to  account  for  the  unwanted  background. 
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Figure  1.  Combustion  Tunnel  Schematic 
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Figure  2.  Velocity  Profiles  at  10  mm  Axial  Position 
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